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Abstract
The Charles River Basin, the section of the Charles River that runs between Watertown
Dam and the Charles River Dam, is used intensively for recreational purposes by Boston area
residents, but it is also quite polluted. Through a monitoring program that began in 1989, the
Massachusetts Water Resources Authority (MWRA) has determined that the basin is not
swimmable and that during the first two days after a significant rainfall event it is in violation of
the boating water quality standard. The wet weather sources of bacterial pollution to the basin
are Combined Sewer Overflows (CSOs), storm drains, and upstream river flow discharging from
Watertown Dam. To minimize the wet weather pollution, the MWRA is currently planning
improvements to the sewer system and the treatment and disinfection facilities, and in their
decision making process in 1994 needed to evaluate the impact of the CSO, stormwater and
river discharges.
As part of an earlier study (Ayuso and Adams, 1995), a modified version of the one-
dimensional time-dependent model QUAL2EXP was used to perform water quality simulations
for a variety of scenarios. Dry weather loads were inferred from an inverse modeling procedure
based on dry weather measurements in the receiving water, and their-Tmagnitude was estimated
as 4*108 to 5*1 08 counts/s. Dry weather loads, as well as wet weather loads, were highest near
Stony Brook, suggesting that both dry and wet weather loads originate mainly from Stony Brook.
A bacterial decay rate of 0.8_ per day and a dispersion coefficient of 4 m2/s were calibrated to
measurements. Model srmulations showed that: (1) storm water sources had a greater impact
than the other sources (including CSOs) during wet weather, but dry weather sources were
responsible for the continuous violation of the swimming water quality standard during dry
weather; and (2) the preferred remediation strategy (a mix of interceptor relief, storage,
treatment and sewer separation) appeared to reduce the bacterial counts and their subsequent
violation of the boating standard, especially downstream of Stony Brook, but did not reduce
violations to the swimming standard.
During the modeling process, two questions arose: (1) can dry weather loads be
substantiated and what else can be said about them, and (2) how does the water quality at lower
depths in the lower basin (after the Harvard Bridge) differ from the water quality in the upper
layer, as a result of salt water intrusion from the harbor, a factor which could not be represented
in the one-dimensional receiving water model.
Analysis of data from the MWRA monitoring program showed that fecal coliform counts
in the summer remained above 200 counts/1 00 ml during periods of dry weather up to 12 days,
and were even higher in the fall. Although this dry weather background could be attributed to
either dry weather loadings, or to a very slow decay of the bacteria introduced during wet
weather, the former explanation appears more probable.
3As a result of salt water intrusion through the Charles River Dam, the "bottom" of the
Charles River Basin is filled with brackish water with salinity ranging from 8 to 28 ppt from June
through the following winter. While there are clear differences in salinity, temperature and
dissolved oxygen between the surface fresh layer and the bottom salty layer, bacterial counts
were about the same or only slightly lower in the salty layer. A number of mechanisms could
allow bacteria to reach and subsist in the salty layer:
1) settling attached to sediment particles from the upper fresh layer
2) mixing into the salty layer from the upstream flow.
3) mixing into the salty layer from CSOs that discharge near the bottom
4) intruding with the salt water plume
Analysis of the spatial and temporal distribution of bacteria, salinity, temperature and
dissolved oxygen suggested that mechanism 1 is the most likely source for most of the basin,
which mechanism 4 plays an important role near the harbor.
Thesis Supervisor: Dr. E. Eric Adams
Title: Senior Research Engineer
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7I. Introduction
The Charles River basin is used intensively for recreational purposes by Boston area
residents. It is also quite polluted, conspicuous to Boston locals for its aestethically unpleasant
"brown" color. Discharging into Boston Harbor, the basin is the section of the Charles River that
runs between Watertown Dam and the Charles River Dam. The first Charles River dam was built
in 1910, effectively creating the basin.
Many Boston residents take advantage of the sailing and rowing opportunities the
Charles River basin offers - the most brave even try windsurfing. Jogging, bicycling and
"rollerblading" are among the activities that many other residents pursue in the Esplanade, a park
that surrounds the basin. Every Fourth of July, about 1,500 boats travel into the lower basin to
enjoy up close the free outdoor Boston "Pops" concert and fireworks. Many birds make their
homes nearby and can be seen frolicking along the shore even in winter, and many fish and
other aquatic organisms live in its murky waters. In addition, the Charles River discharges into
the Boston Harbor and influences the water quality of this coastal area.
As part of the Boston Harbor cleanup, the Massachusetts Water Resources Authority
(MWRA) has assessed the extent of the contamination in the Charles River basin through a
monitoring program that was started in 1989 and is ongoing. The basin is currently not
swimmable and during the first two days after a significant rainfall event it is in violation of the
boating water quality standard.
The known wet weather sources of bacterial pollution to the basin are Combined Sewer
Overflows (CSOs), storm drains, and upstream river flow discharging from Watertown Dam. The
term CSO refers to the "escape hatches" that are present in the "combined" (domestic and storm
water) sewers that underlie many older cities such as Boston. When it rains at such an intensity
that the "combined" sewer is filled beyond capacity, it "overflows" through the escape hatch into
the nearest water body, in this case the Charles River. The term storm drain refers to sewers
that were designed to carry the runoff from the paved areas of the city when it rains- this water
acquires bacterial loadings from animal excrement in the street and from illegal connections into
the sewers.
The MWRA is currently planning improvements to the sewer system and the treatment
and disinfection facilities to minimize the wet weather pollution to the basin, a plan they call
Strategy M3. (MWRA, 1994a) One of the components in their decision making process in 1994
was evaluating the impact of the CSO, storm water and river discharges.
8Under the supervision of Dr. E. Eric Adams, I used a modified version of the one
dimensional QUAL2EXP model to perform water quality simulations for a variety of scenarios.
Fecal coliform bacterial loads computed from storm modeling by Metcalf & Eddy (Wakefield,
Mass.) were used as input to the water quality model. In addition, since there were sustained
bacterial counts present during dry weather conditions (when no rain occurred in the sampling
day and two days before it), the transport equation used by the model was inverted to calculate
dry weather bacterial loads from the measured dry weather bacterial counts in the basin. The
results of the simulations were: (1) storm water sources had a greater impact than the other
sources (including CSOs) during wet weather, but dry weather sources were responsible for the
continuous violation of the swimming water quality standard during dry weather; and (2) the
remediation strategy M3 appeared to reduce the bacterial counts and their subsequent violation
of the boating standard, especially in the lower basin (after the Harvard Bridge), which is located
downstream from Stony Brook, but did not reduce violations to the swimming standard. The
next chapter, a brief description of the model calibration and implementation, discusses in detail
how these conclusions were arrived at.
During the modeling process, two issues were brought up that deserved further attention:
(1) whether the existence of dry weather loads could be proved "within a shadow of a doubt" and
what else could be said about it, and (2) how does the water quality at lower depths in the lower
basin (after the Harvard Bridge) differ from the water quality in the upper layer, as a result of salt
water intrusion from the harbor, since this difference could not be represented in the one-
dimensional receiving water model. These issues will be discussed in detail in subsequent
chapters: the third chapter presents a comparison of dry and wet weather pollution and an
analysis of the disappearance of the bacterial counts in time after a rainfall event, and the fourth
chapter provides a comparison of surface and bottom pollution and an analysis of the spatial and
temporal variation of the bottom pollution. The last chapter summarizes the conclusions of the
various parts of the study.
9II. Charles River Modeling
A. Description
1. Model
The analysis for fecal coliform concentrations in the Charles River Basin (the section
between Watertown Dam and the Charles River Dam) used a modified version of the one-
dimensional, time-dependent model QUAL2EXP, which was previously used in the 1990 MWRA
CSO Facilities Plan (CDM, 1989b). This analysis is also described in Ayuso and Adams
(1 995).The model was modified by stripping away most of the water quality analysis for non-
bacterial pollutants which wasn't needed, leaving only the analysis for the transport and first
order disappearance of fecal coliform bacteria. Although the basic solution methods were
unchanged, the modified model required less than four pages of code, which made it easier to
incorporate changes such as those described below concerning dry weather loading.
The equations solved by the model are conservation of mass for water (continuity)
aQ/ax = qL (11.1)
and conservation of "mass" for bacteria
ac/at + (1/A) a(Qc)/ax = (1/A) a(ADac/x)/x - kc + (1/A) qLcL (11.2)
where Q(x,t) is river flow rate, qL(x,t) is the lateral inflow rate per length of river, x is the
downstream coordinate, A(x) is the river cross-sectional area, c(x,t) is the bacterial count, D is a
longitudinal dispersion coefficient, k is a first order disappearance rate, and CL(X) is the bacterial
count of lateral inflow (which may include CSO, storm water and/or dry weather loads). The
model presumes no storage; hence Equation 11.1 is solved at each time step by successively
adding the lateral inflows to the upstream river flow to obtain the river flow at each segment.
Equation 11.2 is solved with an explicit finite difference scheme using upwind differencing for
advection. Boundary conditions for Equation 11.2 specify no dispersive flux across either the
upstream (Watertown) or downstream (Charles River) dams.
2. Model Segmentation and Time Step
The Charles River Basin was divided into 118 segments of equal volume, identical to
those previously used in the 1990 MWRA CSO Facilities Plan. Because the upstream reaches
are relatively shallow and narrow, their segments are relatively long in comparison to the
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downstream segments. The original reason for choosing equal volume segments, as expressed
in the previous 1990 MWRA CSO Facilities Plan, was to allow the model to be run using values
of the Courant number (Cu) close to one (Walton and Webb, 1994). Cu is defined as
Cu = uAt/Ax = QAt/AV (11.3)
where u = Q/A is the river velocity, At is the time step, Ax is the segment length, and AV is the
segment volume. The ostensible advantage of having Cu = 1, in turn, is that it minimizes
numerical diffusion. For an upwind differencing scheme, the numerical diffusion coefficient (Dn)
is given by (Roache, 1982)
Dn = (uAx /2) * (1 - Cu) (11.4)
For the present calculations, the idea of trying to maintain Cu = 1 was abandoned for
three reasons:
1) During storms tributary flows can be substantial, causing the river flow to increase
with distance downstream. Unless the grid cell volume were to change dynamically,
the Courant number would necessarily vary, causing large temporal and spatial
variations of Dn.
2) Requiring Cu = 1 places an upper limit on the amount of input dispersion Di which
can be used in an explicit model. In order to provide numerical stability in an explicit
scheme,
DiAt/Ax 2 < 0.5 (11.5)
which, combined with Equation 11.3, translates to
Di < uAx /2 = QAV/2A 2 (11.6)
In other words, by requiring Cu = 1 in an explicit model, we are limited to a
maximum effective (input plus numerical) diffusion coefficient of uAx /2 = QAV/2A2 .
Conversely, with an arbitrary (small) value of Cu, the effective value of dispersion is
equal to the input value (which is unrestricted) plus the numerical value, which for
small Cu is approximately uAx /2 = QAV/2A 2 . Thus, for small Cu, the minimum
value of the effective dispersion coefficient is QAV/2A2 which is the maximum value
under the constraint of Cu =1. For the Charles River Basin as discretized, the
numerical dispersion coefficient (QAV/2A2) ranges from about 30 m2/s upstream to
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about 0.1 m2/s downstream. As discussed below, the physical dispersion coefficient
was expected to be of order 10 m2/s, which can only be obtained (at least in the
downstream portions) by relaxing the constraint of Cu = 1.
3) Finally, as seen from Equation 11.3, choosing Cu = 1 requires that the time step be
inversely proportional to flow rate. This results in large and variable values of At
(several hours). The variable time step adds a degree of complexity when the
Charles River model output must be interpolated in time to provide input to the
downstream Boston Harbor model at constant 62 minute time steps or to provide
comparisons with measured concentrations in the river.
B. Calibration
Calibration involved determining optimal values of k and D through comparison of
simulated fecal coliform counts with corresponding measurements. Figure 11.11 shows the
pollutant source locations and Figure 11.2 shows the receiving water quality sampling locations
used for the Charles River model calibration. Figure 11.3 shows receptor locations used in the
baseline assessment scenarios described in Section D. Before this stage of calibration could be
performed, however, it was necessary to estimate the magnitude of lateral dry weather loading.
The existence of significant dry weather loads to the Charles River was inferred from monitoring
data showing high bacteria counts in dry weather.
1. Dry Weather Loads
Unlike wet weather loads associated with storm water and CSOs, dry weather loads had
neither been measured nor modeled in a comprehensive manner. Therefore, dry weather loads
were calculated by matching simulated bacterial counts computed without any wet weather
loading (i.e., no storm water or CSO loads and only base loads from the Charles River upstream)
to measured dry weather counts collected by the MWRA (Rex, 1994). These dry weather data
consisted of the geometric means of historical fecal coliform counts collected during dry weather
over the period 1989-1993 at five locations within the basin. Dry weather was defined as no rain
during the sampling day or the two antecedent days. Figure 11.4 shows the geometric mean
counts at the five locations (along with the 95% confidence estimates of the geometric means),
connected by linear interpolation. By inverting Equation 11.2, and using the same numerical
discretization, values of the product qLcL at each of the 118 model segments can be determined
for any values of k, D and dry weather flow rate by matching simulated concentrations to dry
1Figures 11.1 through 11.22 are located at the end of this chapter.
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weather measurements. Assuming steady state conditions, constant dispersion and negligible
inflow rate qL in comparison with the upstream dry weather flow Qdw,
qLC, = kACdW + Qdw (acdwjx) - D a(Aacd/ax)/ax (11.7)
Note that the effect of the calibrated dry weather loading was to add the distribution of dry
weather counts shown in Figure 11.4 to the counts computed in response to the wet weather
inputs. Equation 11.7 was embedded in the code for use with future model calibration and
simulation runs.
2. Coliform Disappearance and Longitudinal Dispersion
The remaining calibration involved the two free model parameters: a first-order
disappearance rate k and the longitudinal dispersion coefficient, D. Calibration consisted of
estimating optimal constant values of these two parameters, consistent with ranges suggested by
theoretical analysis (D) and prior studies reported in the literature (k). Hence the first step was to
identify acceptable ranges for these parameters.
Bacterial disappearance is a function of a number of factors including sunlight,
temperature and salinity (Mancini, 1978; Fujioka et. al., 1981). Of these, sunlight is the most
important, with values of k during the day higher by an order of magnitude than those during the
night (Bell, Munro and Powell, 1992). If bacterial concentrations are being simulated for several
days, a daily average value is appropriate and literature indicates daily average values of k in
the range of 0.5 to 2 d'1 (Mancini, 1978). By comparison, the calibrated value of k for the July
1988 storm used in the previous 1990 MWRA CSO Facilities Plan was 1.5 d 1 (CDM, 1989b).
Following Fischer et al (1979), the value of longitudinal dispersion can be expected to be
about 10 m2/s in the upstream reaches of the Charles River (before the river widens substantially
at the B.U. Bridge). Below this point, contaminant concentrations may not be mixed completely
across the river, making it difficult to analyze longitudinal dispersion theoretically. However,
extrapolating from field measurements reported in CH2M-Hill (1990), one could expect to find
roughly similar values of longitudinal dispersion in the downstream portions. Values of D used in
the previous 1990 MWRA CSO Facilities Plan were not relevant here because, as indicated
above, they were limited by numerical stability constraints to values considerably less than the
expected physical values. It should also be noted that the value of D was expected to be
somewhat less important than the value of k in regulating fecal coliform counts in the Charles
River.
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Values of k and D were chosen by calibration to data collected during two storms:
October 30, 1993 and November 28, 1993. In both cases, upstream loads (at Watertown Dam)
and lateral inflows from a total of 16 treated and untreated CSO and storm water discharges
were provided from the results of storm event model simulations by Metcalf & Eddy (1994b). All
input data were averaged over 62 minute intervals (the same interval of one-twelfth of a tidal
period used in the downstream harbor model) and the model was run with a time step consistent
with Equation 11.5. Simulations were continued for eight tidal cycles or a little over four days.
Initial conditions and dry weather loading were provided by the dry weather data discussed
above.
Simulations were compared with measurements collected after the two storms. For the
storm of October 1993, measurements were collected at eight sites at up to five times (see
Figures 11.2 and 11.7) and for the November 1993 storm, measurements were collected at nine
sites at up to seven times (see Figures 11.2 and 11.8). In cases where duplicate samples or both
near surface and near bottom samples (denoted respectively by o and x in Figures 11.7 and 11.8)
were collected, these were arithmetically averaged and treated as a single measurement. Thus
a total N of about 40 samples for the first storm and 60 samples for the second storm were
available for comparison. Calibration consisted of computing the root-mean-square-log (RMSL)
error associated with each of the N measurements. The RMSL error is defined as:
RMSL Error = [ (1/N) Zi (log cis log cim)2 ] 2 (11.8)
where log cis is the logarithm base 10 of the ith simulated count and log c m is the logarithm base
10 of the ith measured count. RMSL errors as a function of k and D are shown in Figures 11.5
and 11.6 for the two storms. From Figure 11.5 we concluded that the optimal values of k and D for
the October 1993 storm are about 0.5 d '1 and 1 m2/s, and from Figure 11.6 that the optimal
values of k and D for the November 1993 storm are about 1 d' and 5 m2/s. We should note that
the calibrated D corresponds to the input dispersion coefficient Di discussed previously, and that
the effective dispersion coefficient is given by the sum of Dj and Dn. The effective dispersion
coefficient fell within the same ballpark as the expected physical value of order 10 m2/s for most
of the river.
In order to arrive at a single pair of calibrated parameters, the data for the two storms were
pooled, and global optimal values of k and D were sought, by minimizing the combined RMSL
error. The optimal values were about k = 0.8 d-1 and D = 4 m2/s, and these values were used in
future simulations. The RMSL error for this combination was about 0.3 which compares with a
value of about 0.8 reported for the July 1988 storm used for calibration in the previous 1990
MWRA CSO Facilities Plan (CDM, 1989b). Figures 11.7 and 11.8 show comparisons of measured
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and simulated concentrations along the Charles River using k = 0.8 d-1 and D = 4 m2/s, and
Figures 11.9 and 11.10 depict these comparisons in equivalence form.
Figures 11.11 and 11.12 plot the distributions of dry weather loads (qLCL) for the two
storms using the optimal values of k and D. In each case the solid line is a linear interpolation of
model results using all 118 calculated loads, while the dashed line depicts model results filtered
using a running average. The total dry weather loading (obtained by adding all the loads along
the river) was between 4*108 counts/s and 5*108 counts/s for each storm. The loadings were
almost the same because, as seen from Equation 11.7, the simulations differed only by the dry
weather flow Qdw,, which was taken as the base flow rate at the beginning of each storm (79 ft3/s
for the October 1993 storm and 127 ft3/s for the November 1993 storm). For both storms the
loading was substantial. If the dry weather concentrations being used are representative of
current dry weather conditions, this analysis suggests that the swimming standard of 200
counts/1 00 ml will be violated even if all of the CSO and storm water inputs are eliminated.
Thus, it appears that the issue of dry weather inputs deserves further attention.
C. Simulations
1. Conditions Tested
The receiving water models were used to evaluate fecal coliform concentrations in the
Charles River for seven baseline assessment and twelve remediation scenarios (runs) identified
in Table 11.1.
Only four baseline assessment and the preferred alternative scenarios are discussed in
this thesis; the rest are available in Ayuso and Adams (1995). The scenarios that will be
discussed are described briefly next.
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Table 11.1
Run Storm Conditions Sources
* 3-month existing all
1 3-month future planned all
2 1-year future planned all
* 3-month future planned CSO only
* 1-year future planned CSO only
3 3-month future planned non-CSO
4 1-year future planned non-CSO
* 1-year alternative A all
* 1-year alternative B all
* 1-year alternative C all
* 1-year alternative D all
* 3-month alternative A all
* 3-month alternative B all
* I 3-month alternative C all
* 3-month alternative D all
* 1-year strategy M2 all
* I 3-month strategy M2 all
5 1-year strategy M3 all
6 3-month strategy M3 all
Summary of Baseline and Alternative Scenarios for the Charles River
Baseline Assessment Scenarios
1) future planned conditions (1997) driven by a 3-month design storm. Inputs for this
run include treated and untreated CSOs, storm water, and upstream boundary (river)
sources, initial dry weather concentrations and model generated dry weather loads.
The CSO and storm water loadings were generated in accordance with proposed
system modifications, which include system optimization plan and intermediate
projects planned to be completed by 1997.
2) future planned conditions (1997) driven by a 1-year design storm. This run is similar
to Run 2 except that it used a 1-year rather than 3-month design storm.
3) future planned conditions (1997) driven by a 3-month design storm considering
loading from storm water, initial and model-generated Charles River dry weather
sources and upstream (river) sources. This run is similar to Run 2 except that the
CSO loadings have been set to zero.
4) future planned conditions (1997) driven by a 1-year design storm considering loading
from storm water, initial and model-generated Charles River dry weather sources
and upstream (river) sources. This is similar to Run 3 except that the CSO loadings
have been set to zero.
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Preferred Alternative Scenarios
5) strategy M3, driven by a 3-month design storm considering loading from all sources.
This alternative consists of a mix of interceptor relief, storage, treatment, and sewer
separation. This run differs from Run 1 in that the entire Stony Brook flow is
disinfected and the CSO flows at BOS 32, CAM 5 and CAM 9 are treated using local
screening and disinfection facilities. In addition, the Cottage Farm system of
disinfection is upgraded and all other CSO flows into the Charles are controlled by
eliminating the Prison Point restriction.
6) strategy M3, driven by a 1-year design storm considering loading from all sources.
Analogous to Run 5, except that the inputs were generated by the 1-year storm.
2. Baseline Assessment Results
Loads of the simulations for the baseline scenarios are shown in Figures 11.13 and 11.14
and results of the simulations are shown on the various parts a) and b) of Figures 11.15 to 11.18
and part c) of Figures 11.15 and 11.16. Upper Charles refers to the area upstream from the B.U.
Bridge, and Lower Charles refers to the area downstream of the B.U. Bridge.
Part a) of each figure plots simulated fecal coliform counts versus distance at times of 1,
2, 3 and 4 days after the start of the simulation. Note that the simulations were begun at the
time of the harbor high tide which precedes the start of any wet weather loading. The locations
identified by abbreviations on the distance axis include the Newton Yacht Club (NYC), Weld
Boat House (WBH), Magazine Beach (MB), the MWRA Cottage Farm Treatment Facility (CF),
the Boston University Sailing Pavilion (BU), Stony Brook (SB), and the Community Boat House
(CBH).
Part b) of each figure shows computed concentration versus time at five receptors along
the river: the Newton Yacht Club, Weld Boat House, Magazine Beach, the BU Sailing Pavilion
and the Community Boat House. The locations of receptors along the river are shown in Figure
11.3. Note that NYC is upstream of all CSOs; WBH and MB are in the downstream portion of the
upper Charles River Basin, while BU and CBH are in the lower Charles River Basin.
Part c) illustrates the impact of each source (upstream, dry-weather, storm water and
CSO) on the simulated fecal coliform count at receptor locations after one, two, three and four
days.
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The horizontal dotted lines in parts a) and b) of Figures 11.15 through 11.18 denote fecal
coliform counts of 200 and 1000 counts/1 00 ml which reflect water quality standards for
swimming and boating, respectively.
Clearly, the computed counts reflected the spatial and temporal distributions of loadings.
In most cases this loading was dominated by Stony Brook. And, not surprisingly, the average
counts reflected the magnitude of the loadings. Thus, results for the 1-year design storm (Runs
2 and 4) were greater than corresponding results for the 3-month design storm (Runs 1 and 3);
results for runs with both CSO and non-CSO loading (Runs 1 and 2) were greater than the
results for runs with only non-CSO loading (Run 3 and 4).
For the future planned conditions scenario during both the 1-year and 3-month storms,
upstream sources dominated from Watertown Dam to the Newton Yacht Club and storm water
sources dominated from the Weld Boat House to Stony Brook. Storm water sources also
dominated from the Community Boat House to the Charles River Dam during the 3-month storm,
but CSO sources dominated in this area during the 1-year storm. In addition, upstream sources
were also significant from the Weld Boat House to Cottage Farm during both storms; and CSO
sources were also significant downstream from Cottage Farm during the 3-month storm and
downstream from the Weld Boat House during the 1-year storm. Dry-weather sources were
small but significant throughout the Charles River and became more important in the days
following a storm as diffusion and decay attenuated the impact of the other sources. Dry
weather sources had a lesser impact than CSO sources, except downstream from the
Community Boat House during the 3-month storm, where they had a larger impact than CSO
sources. Downstream from the Weld Boat House, upstream sources had a lesser impact than
both CSO and dry weather sources.
3. Preferred Alternative Results
Results of the simulations for the preferred alternative scenarios are shown on the
various parts (a through c) of Figures 11.19 and 11.20, which are similar to the corresponding
parts of Figures 11.15 and 11.16 discussed in the previous section.
Again, the computed fecal coliform counts reflected the spatial and temporal
distributions of loadings, which in most cases were dominated by Stony Brook. The results for
the preferred alternative were lower than the results for the future planned conditions since CSO
and storm water loads were reduced significantly, especially at Stony Brook. Most of the
reductions in the fecal coliform counts occurred downstream from the B.U. Bridge and during the
first day of the simulation, since most of the reduction in the loading occurred at Stony Brook and
18
at later times diffusion and decay attenuated the differences in the fecal coliform counts between
the future planned conditions and the preferred alternative.
For the preferred alternative, the impact of the CSO sources was generally small, but it
was comparable to the storm water impact downstream from the B.U. Boat House during the 1-
year storm. From the Weld Boat House to Stony Brook, storm water had the most important
impact. Downstream from the Community Boat House, dry weather, storm water and CSO
sources had comparable impacts during the 1-year storm; but dry weather sources had a higher
or comparable impact than storm water and CSO sources during the 3-month storm.
D. Violations of Water Quality Standards
In an attempt to summarize the water quality impacts of our simulations using simple
metrics, the hours of violation to receiving water standards during the 4-day simulation were
calculated for both the 1-year storm scenarios (Runs 2, 4, 6) as well as the 3-month storm
scenarios (Runs 1, 3, 5).
1. Hours of Violations
The number of hours of each simulation during which computed fecal coliform counts
exceeded the water quality standards for swimming (200 counts/1i 00 ml) and boating (1000
counts/1 00 ml) are presented in Table 11.2 and plotted in Figures 11.21. and 11.22 Note that the
total simulation length is 99.4 hours.
a) Baseline Assessment
The boating standard of 1000 counts/100 ml was violated for a longer period by the
simulations that included all sources (Runs 1 and 2) than the simulations that included only the
non-CSO sources; the swimming standard of 200 counts/100 ml was violated throughout the
basin for all baseline scenarios.
b) Preferred Alternative
Violations to the boating standard by the preferred alternative only showed significant
reductions from the future planned conditions downstream from B.U. Sailing, with the largest
reductions occurring at the Community Boat House. In the upper Charles, there was no
significant reduction in violations; in fact at the Weld Boat House and Magazine Beach there
were small increases in violations due to the redirection of flow into these areas. At B.U. Sailing
and the Community Boat House, there was a larger reduction in the period of violation for the
preferred alternative than for the future planned conditions with only non-CSO sources because
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the preferred alternative included reductions in the storm water loading from Stony Brook.
Violations to the swimming standard did not show any reductions because the preferred
alternative included dry weather loadings.
Simulation Location Hours of Violation
FC>200 FC>1000
Future Conditions Newton Y.C. 99 33
3 month design storm Weld B.H. 99 66
All sources Magazine Beach 99 68
B.U. Sailing 99 77
Community B.H. 99 50
Future Conditions Newton Y.C. 99 33
1 year design storm Weld B.H. 99 72
All sources Magazine Beach 99 80
B.U. Sailing 99 84
Community B.H. 99 81
Future Conditions Newton Y.C. 99 33
3 month design storm Weld B.H. 99 66
non-CSO sources Magazine Beach 99 68
B.U. Sailing 99 72
Community B.H. 99 38
Future Conditions Newton Y.C. 99 33
1 year design storm Weld B.H. 99 71
non-CSO sources Magazine Beach 99 78
B.U. Sailing 99 84
Community B.H. 99 64
Strategy M3 Newton Y.C. 99 33
Mixed Weld B.H. 99 69
3 month design storm Magazine Beach 99 75
B.U. Sailing 99 61
Community B.H. 99 0
Strategy M3 Newton Y.C. 99 33
Mixed Weld B.H. 99 72
1 year design storm Magazine Beach 99 81
B.U. Sailing 99 80
Community B.H. 99 45
Hours of Violation to Water Quality Standards in
River Receptors
Simulation for CharlesTable 11.2
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E. Summary of Chapter
1. Model Description and Calibration
The impact of the bacterial loads from CSO, storm water, and river discharges to the
Charles River Basin (the section of the river between Watertown Dam and the Charles River
Dam), was analyzed using a modified version of the one-dimensional, time-dependent model
QUAL2EXP. Since the MWRA monitoring program had measured significant fecal coliform
counts during dry weather, the existence of dry weather loads was inferred and their magnitude
was estimated (4*108 to 5*1 08 counts/s) by inverting the model's equation and calculating the dry
weather loads from the measured dry weather receiving water counts. The bacterial decay rate
and the dispersion coefficient were chosen by calibration to data collected during two storms
during the fall of 1993, where upstream, CSO and storm water discharges were provided from
the results of storm event model simulations. Calibration consisted of computing the RMSL error
between the simulated and measured bacterial counts for each combination of k and D, where k
ranged from .25 to 1.5 per day and D ranged from 0 to 20 m2/s. The error was minimized at a k
of 0.8 per day and a D of 4 m2/s.
2. Model Simulations
The following scenarios were analyzed for both the 3-month and the 1-year storm: future
planned conditions with all sources, future planned conditions with non-CSO sources, and the
preferred alternative or strategy M3. The future planned conditions consisted of the proposed
system modifications to be completed in 1997, and the preferred alternative consisted of a mix
of interceptor relief, storage, treatment and sewer separation, differing mainly from the future
planned conditions in that the entire Stony Brook flow was disinfected.
Generally, the receiving water bacterial counts reflected the magnitude of the loadings.
Results for the 1-year storm were greater than for the 3-month storm, results for all sources were
greater than for non-CSO sources, and results for the future planned conditions were greater
than for the preferred alternative. For both the future planned conditions and the preferred
alternative, receiving water counts were dominated by Stony Brook. In addition, storm water
sources had a higher impact than the other sources at early times, but as diffusion and decay
attenuated their impact at later times, dry weather sources became more important. Most of the
difference in the receiving water counts between the preferred alternative and the future planned
conditions occurred downstream from the B.U. Bridge, since most of the reductions in the
loading occurred at Stony Brook.
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Overall, the swimming standard was violated continuously throughout the basin for all
scenarios because they all included dry weather loads. The boating standard was violated for
30-80 hours in the Upper Charles and for 50-80 hours in the Lower Charles during the future
planned conditions. The period of violation to this standard by the preferred alternative showed
significant reductions from the future planned conditions at B.U. Sailing, where it was reduced by
5-10 hours, and at the Community Boat House, where it was reduced by 40-50 hours.
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Figure 11.14 Charles River Fecal Coliform Loadings for the Upper Charles, the Back
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Figure 11.13
1 Year Storm
700
600
Qi 500
LO
3100
0
CSO
o St. Wat.
0 Upstream
Upper Back Bay Low er
Charles Fens Charles
35
AFTER 1 DAY
AFTER 2 DAYS
~~~~~~~~~~~~~~~~.... ............ii i i ii ii i ii i ii ii i ii i
............................................................................... .. . ............
0NYC 5 WBH MB 10CF BUSB CBH 1
AFTER 3 DAYS
WBH MB 10 C- BU -b. LtM
AFTER 4 DAYS
5 WBH MB 10 CF BUSB CBH
Distance from Watertown Dam (km)
Fig. II.15a Simulated Charles River Fecal Coliform Counts versus Distance for
Four Days-Run 2: Future planned conditions, 3-month design storm.
all sources.
-10-
U.l10
LL le
r .
II · I ~~~~~~ I I I I
NYC10
- I10
1 05
bc
5
NYC
r ......................................................
..................................................... I...................................................
15
.- 5
5
r-
I
3
1
Newton Yacht Club
0.5 1 1.5 2 2.5 3 3.5 4
Community Boat House
0.5 1 1.5 2
Time (days) 2.5 3 3.5 4
Fig. II.15b Simulated Charles River Fecal Coliform Counts versus Time at Five
Locations-Run 2: Future planned conditions, 3-month design storm,
all sources.
36
0.5 1 1.5 2 2.5 3 3.5
Weld Boat House
104
C.)
10
10
10
l 'i; 1010C
0.5 1 1.5 2 2.5 3 3.5
Magazine St. Beach
0.5 1 1.5 2 2.5 3 3.5 4
BU Sailing / MIT Crew
=
I
- - ~ ~ ~ ~ ~~~~
-
&
I . . .I 
-
_
.
D
I
)
)
D
D
aD
................ I........... ....· · ·· · · · ·· · · · · · · · ·· ·· · · ·· · · · · · ·
I I 
...... ..... ... .. ..... ...... ..... ...... ..... .....
............ ............................................................. ..... ...........................··. ··-
I 
r· ·· ·· ·· · · ·· ·· ··... .......... ................... ......... ·.. . . .
.......... 1 
..... ·... ................... ................................ ,,.....................
r.. . ... .. ... .. .. ... .. .. .. ... .. .. ... .. ... .. ..
:. ....... ............ ................... ................. ............... ............... I
37
Charles River, 3 Month Storm
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Figure 11.15c1 Impact of Charles River Sources on the Simulated Fecal Coliform Count at
Receptor Locations after One Day - Run 2: Future Planned Conditions, 3-Month
Design Storm, All Sources.
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Charles River, 3 Month Storm
Future Planned Conditions, Day 3
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Figure 11.16c3 Impact of Charles River Sources on the Simulated Fecal Coliform Count at
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Year Design Storm, All Sources.
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Fig. II.19a Simulated Charles River Fecal Coliform Counts versus Distance for
Four Days-Run 19: Strategy M3, 3-month design storm.
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Fig. II.19b Simulated Charles River Fecal Coliform Counts versus Time at Five
Locations-Run 19: Strategy M3. 3-month design storm.
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Fig. 11.19cl Impact of Charles River Sources on the Simulated Fecal Coliform Count at
Receptor Locations after One Day - Run 19: Strategy M3, 3-month design storm,
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Charles River, 3 Month Storm, Strategy M3, Day 3
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Fig. 11.19c3 Impact of Charles River Sources on the Simulated Fecal Coliform Count at
Receptor Locations after Three Days - Run 19: Strategy M3, 3-month design
storm, all sources.
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Ill. Charles River Dry Weather Pollution
During the model calibration it was suggested that dry weather sources were responsible
for maintaining background levels of fecal coliforms in the basin at about 400 counts/100ml. Dry
weather sources seemed to be responsible for the continuous violation of the swimming standard
of 200 counts/1 00ml, suggesting that remediation of the CSOs would not be effective in reducing
bacterial counts in the basin to comply with the swimming standard. However, dry weather
sources were presumed to account for the measured counts after three days of dry weather, but it
is possible that some of this contamination was carried over from previous wet weather.
In order to test the existence of "dry weather" sources and to illustrate any trends of dry
weather bacterial pollution in space and time, the data set collected by the MWRA CSO
Monitoring Program from 1989 to 1994 was analyzed along with additional rainfall data, obtained
from NOAA Local Climatological Data for Logan Airport. Table 111.1 describes the data set
provided by the MWRA. There were "comprehensive" sampling periods (about a month each
summer), in which sampling occurred basin wide and "sporadic" sampling periods, in which
sampling occurred only at one or a couple of stations (usually Station 11) and/or less frequently.
Only those measurements gathered during "comprehensive" sampling periods were used, so that
spatial (basin) and temporal averages included about the same number of samples from each
station and year. Figure 111.1 shows the sampling days, comprehensive or sporadic, against the
number of dry days since the last rain event.
In addition, both spatial and yearly averages included only samples from June to
September to avoid skewing the averages "upwards" due to the slower decay rate and/or higher
loads during the fall period. Only stations 12,5,6,8 and 11 were sampled after 1991. Figure 111.2
shows the station locations.
57
Description of MWRA Monitoring Program data set
| : Sporadic
* Corprehensive 
Jan- Jul- Jan- Jul- Jan- Jul- Jan- Jul- Jan- Jul- Jan- Jul- Jan-
89 89 90 90 91 91 92 92 93 93 94 94 95
Sampling Date
Figure 111.1 Number of Dry Days Preceding Samples Collected during
Comprehensive and Sporadic Sampling Periods by the MWRA
Monitoring Program
Sampling Year Sampling Period Stations Number of
Intensity Days
Comprehensive 1989 Jun 6-22 1-11 10
1990 July 9-31 1-12 31
Oct 22-Nov 8
1991 Sep 3-20 1-11 14
1992 July 6-31 1-6,8,11,12 20
1993 June 14-July 2 5,6,8,11,12 12
1994 June 21-July 9 5,6,8,11,12 14
Total Jun-Nov 1-12 101
Sporadic 1989 Jun 1-5 1,2,8-12 5
Jun 26-Aug 25
1990 Jun 13-Jul 7 11,12 38
Oct 1-18
Nov 14-Dec 19
1991 Jan 2-April 11 11,12 26
Aug 11-30
1992 Jan 7- Feb 6 11 15
Total Jan-May, Dec 1,2,8-12 80
Total 181
Table 111.1
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A. Variation of Bacterial Counts with Time after Rainfall Events
1. Analysis of Individual Storms
a) Data Description
The rain and measured bacterial counts during periods of comprehensive sampling are
shown in Figure 111.3 through Figure 111.9. All of these sampling periods occurred during the
summer and early fall, except for one period (October and November 1990) which occurred after
the fall cooldown had become well established. Figure 111.5 shows that during this period both
fecal coliform and Enterococcus counts were about an order of magnitude higher than in the
summer and early fall. Thus, data obtained during October and November 1990 were not
included in the analysis.
An objective of this analysis was to track bacterial concentrations during the period of dry
weather following rainfall events. Hence it was necessary to define rainfall event and dry weather.
The magnitude of the daily rainfall that occurred during the sampling periods varied between 0.01
inches and 3.34 inches but only events where rainfall equaled or exceeded 0.20 inches in a day
were included in the analysis to differentiate between wet and damp weather. Two criteria were
used to define dry weather. Periods of "absolute" dryness lasted up to eight days following an
event, but usually less than four days. Periods of "relaxed" dryness (whereby rain was less than
0.05 inches per day) lasted up to 12 days but usually less than 8 days.
It is apparent from Figure 111.3 through Figure 111.9 that the variation of bacterial counts
was well correlated with the rainfall events. Bacterial counts usually peaked when it rained and
decreased during the dry weather afterwards. However, it is difficult to tell whether bacterial
counts converge to a background dry weather count or whether bacterial counts decay slowly and
the frequent rainfall prevents them from declining to negligible levels. If the relaxed dryness
criteria is applied, however, then 7 storms can be identified that last more than 3 days -these
storms are shown in Figure 111.10 and Figure 111.11. If there is a dry weather background count
during the summer, then these figures suggest that for fecal coliforms it is probably about 200
counts/100 ml, and for Enterococci it is about 25 counts/1 00 ml. If there is a dry weather
background count during the fall, then Figure 111.5 suggests that for fecal coliforms it is about 700
counts/100 ml and for Enterococci it is about 400 counts/100 mi. If summer and fall background
fecal coliforms counts are averaged the resulting value for fecal coliforms is about 450 counts/1 00
ml, a value similar than the ones used in the modeling. Note that the background fecal coliform
count is high enough to violate the swimming standard (200 counts/100 ml).
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b) Estimated Decay Rates
(1) Dry Weather Background
If the total bacterial count (C) is assumed to equal the sum of wet weather counts (C0)
and dry weather (Cdw) counts, and the wet weather counts (Co) follow first order decay while the
dry weather counts (Cdw) are constant, then their relationship is described in Equation 111.1 below.
A decay rate (k) can be calculated by subtracting the dry weather bacterial count estimated
previously (Cdw, 200 counts/100 ml for fecal coliforms and 25 counts/1i 00 ml for Enterococcl) from
the measured bacterial count (C), taking the natural logarithm, and plotting these values against
the number of dry days after the rainfall event (t), as shown Figure 111.12. The slope of the linear
regression is an estimate of the bacterial decay rate, as shown in Equation 111.2.
C -Cd =C e 'k t (111.1)
In (C-Cdw) = In (Co) -kt (111.2)
Only storm events that were sampled at least 3 times were linearly regressed. All of
these storms are shown in Figure 111.10 and Figure 111.11. The storm of 1993 was not regressed
because it was followed by two smaller storms that obscured the decay process. In addition, it
was unclear when the bacterial counts began converging to the background dry weather count.
Therefore, two linear regressions were made: one that included all of the data points and another
that only included points up to three days after the rain event. The linear regression of the first
three days is probably a better estimate, but 2 out of 7 storms did not have enough data during
this period. One of these regressions is shown in Figure 111.12 as an example; the rest are shown
in Appendix A.
Decay rates for the selected storms are summarized in Table 111.2. The average decay
rate during the first three days for fecal coliforms was about 0.8 per day, the same rate that was
calculated in the model calibration. The average decay rate during the first three days for
Enterococci was about 1 per day. This rate seems high given that Enterococci are believed to be
more resilient and to have lower decay rates than fecal coliforms. (Feachem et al., 1983) The
average decay rate during all days was about 0.4 for fecal coliforms, and about 0.6 for
Enterococci.
y =-0.8x +7.
y = -0.8x + 6.0
0 1 2 3 4 5 6 7 8
Dry Days
; * Fecal Coliforms
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Figure 111.12 Natural Log of Measured Counts Less Background
In [C-Cdw] ) for the First Three Days of Storm 90(1 )
Dry Weather Counts (
Storm Rain k-All days k-3 days
FC E FC E
90-1 .80 .5 .7 .8 .8
90-2 1.92 .6 1 1.3 1.4
911 .89 .3 .5 - -
92-12 .23 - - .7 .9
92-23 .4 .3 - .4 -
9 2-3 4 .37 .3 - - -
945 .27 - .3 - .7
Average .70 .4 .6 .8 1
Table 111.2 Decay Rates Estimated through Linear Regressions of Measured Counts
Less Background Dry Weather Counts ( In [C-Cdw] ) with Time for the
First Three Days and for All Days following a Storm
(2) No Dry Weather Background
If the total bacterial count (C) is assumed equal to the wet weather count (Co) and follows
first order decay with time, then the relationship is described in Equation 111.3 below. This
equation is analogous to Equation 111.1 except that a background dry weather bacterial count is
not subtracted from the measured bacterial count. A decay rate can be calculated by taking the
natural logarithm of the measured bacterial counts (C), plotting these values against the number
of dry days after the rainfall event (t), and linearly regressing the data, as shown in Figure 111.13..
Equation 111.4 shows that the slope of the linear regression is an estimate of the bacterial decay
rate.
1Not enough points before 3 days.
2 No points after 3 days.
3 Enterococcus data converge to background after 1 day.
4 Enterococcus data converge to background after 1 day, not enough points before 3 days.
5 Fecal coliform data converge to background after 1 day.
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C = Coek' (111.3)
In (C) = In (Co) -kt (111.4)
For consistency, the same storms used in the previous section to find a decay rate in the
case of a background dry weather bacterial count were used in this section for the case of no
background dry weather count. One of the regressions for these storms is shown in Figure 111.13
as an example, the rest of the regressions are shown in Appendix A. Decay rates for the
selected storms are summarized in Table 111.3.
If there is no background, the best approximation of a decay rate should include all of the
data points. Thus, the average decay rate during all days was about 0.3 per day for fecal
coliforms and was about 0.5 per day for Enterococci.
As discussed in the following, it appears that a declining decay rate would give a better fit
to the data in Figure 111.10 and Figure 111.11 than a constant decay rate, and there is some
evidence in the literature to suggest a declining decay rate (Mancini, 1978, Orlob, 1956). If the
bacterial decay in the basin becomes slower with time, then the decay rate during the first three
days is about 0.6 per day for fecal coliforms and about 0.8 per day for Enterococci. Because
there were less than three storms with enough points after three dry days to estimate decay rates,
"final" decay rates were estimated from the storm averaged data in the next section.
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Figure 111.13 Natural Log of Measured Counts ( In [C] ) for the First Three Days of
Storm 90(1)
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Storm
90-1
90-2
916
92-17
92-28
92-39
9410
Average
Table 111.3
Rain k-All days
FC E
.80 .4 .5
1.92 .5 .8
.89 .2 .4
.23 - -
.4 .2 -
.37 .1 -
.27 - .2
; .70 .3 .5
Decay Rates Estimated through
( In [C] ) with Time for the First
Storm
k-3 days
FC E
.6 .7
1.1 1.3
.5 .8
.3 -
- .5
.6 .8
Linear Regressions of Measured Counts
Three Days and for All Days following a
2. Analysis of Storm Averages
To determine if there was a convergence after a significant period of dry weather, the
bacterial counts were also averaged for the storm events as well as for the basin. This
aggregation of storm events permitted using data from storms in which less than three
measurements were collected, but at the same time it combined the measurements taken during
different storms into one average. As shown below, it was difficult to determine if the bacterial
counts converged to a background dry weather count or if the rate of bacterial decay simply
decreased to a very slow rate with time after a rain event; however, the former seems more
plausible because there are suspected dry weather sources in the Charles River basin and the
rates necessary to fit the data without a background are very low in comparison with literature
values.
a) Strict Criteria (Dry Day = O" Rain)
Figure 111.14 shows the geometric means for the bacterial counts against the number of
dry days after rain events(bars represent one standard deviation from the mean). After 6 to 7
days, fecal coliform counts seemed to converge to a dry weather background of about 200
counts/1i 00 ml, and Enterococcus counts seemed to converge to about 50 counts/1 00 ml.
However, the fecal coliform and Enterococcus counts after 3 days (213 and 107 counts/100 ml)
were not much different than the fecal coliform and Enterococcus counts after 6 days (311 and 57
counts/1 00 ml). Also, although the dry weather fecal coliform count is the same observed for the
6 Not enough points before 3 days.
7 No points after 3 days.
8 Consistency with background case.
9 Consistency with background case.
o1 Consistency with background case.
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counts/100 ml). Also, although the dry weather fecal coliform count is the same observed for the
individual storms, the dry weather Enterococcus count is higher - perhaps the number of storm
events was not representative enough to get a realistic average.
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Figure 111.14 Storm Averaged Bacterial Counts and Dry Days after the Storm Event
Using Strict Criteria for Dryness (Rain = 0")
b) Relaxed Criteria (Dry Day = 0.05" Rain)
Figure 111.15 shows the geometric means for the bacterial counts against the number of
dry days after rain events (bars represent one standard deviation from the mean). Because less
conservative criteria were used to define a dry day, data were obtained up to 12 days and the
number of events with dry periods after 5 to 8 days was improved. The use of the relaxed
criterion can be justified because if the rain during the "relaxed" dry days were having a significant
impact, then the average bacterial counts using the "relaxed" criteria would be higher. This was
not the case, since average bacterial counts defined by the "relaxed" criteria were usually
comparable or lower than for the "absolute" criteria - perhaps these averages were more realistic
because they included data from more events. After 6 to 7 days, fecal coliform counts seemed to
converge to a dry weather background of about 200 counts/100 ml, and Enterococcus counts
seemed to converge to a dry weather background of about 25 counts/1 00 ml, which are about the
same values observed from the individual storms. In effect, the fecal coliform and Enterococcus
counts after 3 days (339 and 57 counts/1 00 ml) were not much higher than the fecal coliform and
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Figure 111.16 shows linear regressions of the geometric means of the bacterial counts (in
natural log units) to estimate the decay rates after the first three days. Both fecal coliforms and
Enterococci had very low decay rates (about 0.1 per day), much lower than the values reported
in the literature (0.5 to 2 per day), suggesting that the existence of a declining decay rate is less
probable than the existence of dry weather sources.
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Figure 111.15 Storm Averaged Bacterial Counts and Dry Days after the Storm Event
Using Relaxed Criteria for Dryness (Rain <= 0.05")
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3. Convergence of Bacterial Counts after Substantial Dry
Weather Period
In essence, three ways have been found to explain the observed decay of bacteria:
1. There is a dry weather background. Fecal coliforms converge to a background of
about 200 counts/100 ml and decay at a rate of about 0.8 per day; and
Enterococci converge to a background of about 25 counts/1 00 ml and decay at a
rate of about 1.0 per day.
2. There is no dry weather background.
a) The decay rate declines in time. Fecal coliforms decay at a rate of about 0.6
per day during the first three days and at a rate of about 0.1 after four days;
Enterococci decay at a rate of about 0.8 per day during the first three days
and at a rate of about 0.1 after four days.
b) The decay rate is constant. Fecal coliforms decay at a rate of about 0.3 per
day and Enterococci decay at a rate of about 0.5 per day.
Figure 111.17 contrasts the storm-averaged fecal coliform geometric means (using the
relaxed criteria) with exponential decay curves with and without a background and Figure 111.18
contrasts the measured fecal coliform counts for seven storm events with the exponential decay
curves with and without a background. The curve with a background has a decay rate of 0.8 per
day for fecal coliforms and 1 per day for Enterococci. The curves without a background have
either a constant decay rate of 0.3 per day for fecal coliforms and 0.5 per day for Enterococci; or
an initial decay rate of 0.6 per day for fecal coliforms and 0.8 per day for Enterococci, and a final
decay rate of 0.1 per day for fecal coliforms and 0.1 per day for Enterococci. The exponential
decay curve with a background and the curve without a background and a declining decay rate
match better the data than the curve without a background and a constant decay rate. However,
the curve without a background and a declining decay rate has a very low rate after three days,
suggesting that the curve with a background is more plausible.
Figure 111.19 and Figure 111.20 are analogous to Figure 111.17 and Figure 111.18 except
that they show the data and the exponential decay curves for the Enterococcus bacteria instead
of the fecal coliform bacteria. Again, both the exponential decay curve with a background and the
curve without a background and a declining decay rate seem to match the data better, but the
curve with a background has a more reasonable decay rate.
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Figure 111.20 Enterococci Counts for Selected Storms and Exponential Decay Curves
with and without Background
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4. Summary of Section
In the summer, fecal coliform bacteria remain above 200 counts/100 ml during periods of
dry weather up to 12 days, and remain at even higher levels in the fall. This dry weather
background could potentially be attributed to either dry weather loadings, or to a very slow decay
of the bacteria introduced during wet weather. The available data suggest that dry weather
loadings are at least part of the explanation, but it is difficult to be conclusive. For instance, if
there are dry weather loadings, the data could be explained by a decay rate of about 0.8 per day
(calibrated over the first three dry days after the storm event, with a background of 200
counts/1i 00 ml); if there are no dry weather loadings, then the decay rate would range from an
initial value of about 0.6 per day for the first three days after the storm event to a value of about
0.1 per day for the following days. These last rates are low considering that values in the
literature range from 0.5 to 2 per day; that the data upon which the rates were based were
collected in the summer, when decay rates are highest; and that the model presented in Chapter
2 was calibrated to a decay rate of 0.8 per day with storms that occurred in the fall, when decay
rates are lower.
B. Comparing Bacterial Pollution during Wet and Dry Weather
1. By Station
Figure 111.21 shows the geometric mean of the fecal coliform counts and the number of
days sampled that were included in the average during wet and dry weather between 1989 and
1994 (bars represent 95% confidence intervals for the mean). Wet weather refers to when the
cumulative 3-day rain (on the sampling day and two days before) was 0.5" or more, and dry
weather refers to when the cumulative rain was zero. Usually, one sample per station was
obtained on each sampling day.
Both wet weather and dry weather fecal coliform counts violate the swimming standard
throughout most of the basin. Both wet and dry weather counts are highest at Watertown Dam
(Station 12) and near Stony Brook (between Station 6 and 8), and lowest at the Science Museum
(Station 11).
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Figure 111.22 shows the geometric mean of the Enterococcus counts and the number of
days sampled that were included in the average during wet and dry weather between 1989 and
1994 (bars represent 95% confidence intervals for the mean). Both wet and dry weather counts
are highest at the Watertown Dam (station 12), but only dry weather counts show a peak at
Cottage Farm (station 6). Both wet and dry counts are lowest at the Science Museum (Station
11).
There is evidence that dry weather counts are highest at the same locations that the wet
weather counts are highest, suggesting that the dry weather pollution is either a "remnant" of the
wet weather pollution or that the dry weather pollution originates at the same sources as the wet
weather pollution. In addition, the gradual decrease in bacterial counts with distance could be an
indication that sources upstream from Watertown Dam are major contributors of both wet and dry
weather loads. The impact of upstream sources is more important in the Upper Charles
(upstream from the B.U. Bridge), where the residence time is about 6 days in the summer and 2
days annually, and less important in the Lower Charles (downstream from the B.U. Bridge), where
the residence time is about 3 weeks in the summer and 9 days annually (See Appendix B).
ET=--I-=- _r--- I-- ___ _
_......f ' : 7 I_
!, .9-
. _ ! ' ; i- 
 j ' ! " -
i i 
! - ! z i _
I, _ ~ I _Lc i _·_
~~~~~~Lr - - ' '1" i S : 't'1--'lf 
D
I i
; I ; . - _
76
Enterococcus
'uu
350
300
250 0>
0
200 '
1,150 Eto
:. Wet Days
]O Dry Days
9 Wet Count
* Dry Count
100
50
0
12 5 6 8 11
Figure 111.22 Geometric Means of the Measured
Dry Weather between the Stations
Enterococcus Counts During Wet and
At Cottage Farm (Station 6), however, the dry weather Enterococcus counts are higher
than at the two closest sampling locations, while the dry weather fecal coliform counts are about
the same. This matter will be discussed further in Section 4.
2. By Year
When analyzing the differences among the years it is important to keep in mind that there
were variations in the weather. Table 111.4 shows the average rainfall during the period that
samples were collected each year (listed in Table 111.1).
Year Average Rain
(inches/day)
1989 0.14
1990 0.17
1991 0.14
1992 0.09
1993 0.05
1994 0.03
Table 111.4 Average Rain during the Sampling Periods from 1989 to 1994
Figure 111.23 shows the geometric mean of the fecal coliform counts and the number of
days sampled that were included in the average during wet and dry weather between 1989 and
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1994 (bars represent 95% confidence intervals for the mean). On each sampling day, one sample
was collected at each station, about 11-12 samples before 1991, and 4-5 thereafter.
The wet weather counts have stayed about constant from 1989 to 1993 except that they
were somewhat higher in 1990. The number of wet days sampled in 1990 was about twice as
large as in other years and the average rain this year was higher than in other years. There was
no wet weather data for 1994. The dry weather counts decreased steadily from 1989 to 1994,
showing the biggest decreases in 1990 and 1994, suggesting there could have been a decline in
the dry weather loading. However, the number of wet days sampled and the rain during the
sampling period also decreased from 1990 to 1994, suggesting that dry weather counts may have
decreased because some of the samples were not collected during "absolutely" dry weather
during the earlier "wetter" years.
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Figure 111.23 Geometric Means of the Measured Fecal Coliform Counts During Wet
and Dry Weather between the Years
Figure 111.24 shows the geometric mean of the Enterococcus counts and the number of
sampling days included in the average during wet and dry weather between 1990 and 1994 (bars
represent 95% confidence intervals for the mean). There was no comprehensive sampling of the
Enterococcus bacteria during 1989. The wet weather counts were about constant from 1990 to
1992, and decreased in 1993. The dry weather counts follow an erratic pattern, showing no
particular trend. They are highest in 1991, though; when the sampling occurred in September.
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Figure 111.24 Geometric Means of the Measured Enterococcus Counts During Wet and
Dry Weather between the Years
During dry weather, fecal coliforms show a decreasing trend, but not the Enterococci.
This decline over time is inversely correlated with the rainfall during the sampling periods, which
could suggest that the dry weather counts are left over from previous wet weather loading or it
could mean that some of the dry weather sources have been corrected. No similar trend can be
observed from the wet weather data.
3. By Month
When analyzing the differences among the months it is important to keep in mind that
there were variations in the weather. Table 111.5 shows the average rainfall during the period that
samples were collected each month.
Months Average Rain
(inches/day)
Jun 0.09
Jul 0.10
Sep 0.14
Oct 0.17
Nov 0.08
Table 111.5 Average Rain during the Sampling Periods from June to November
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Figure 111.25 shows the geometric mean of the fecal coliform counts and the number of
sampling days included in the averages during wet and dry weather between 1989 and 1994 (bars
represent 95% confidence intervals for the mean). On each sampling day one sample was
collected at each station, about 11-12 samples before 1991, and 4-5 samples thereafter. Wet
weather counts seem to be about constant from June to October. Dry weather counts are lowest
in July and September and are highest in October and November. This variation does not appear
to be influenced by the number of wet days sampled or the average rain during the sampling
period.
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Figure 111.26 shows the geometric mean of the Enterococcus counts and the number of
sampling days included in the averages during wet and dry weather between 1989 and 1994 (bars
represent 95% confidence intervals for the mean). Wet weather counts were lowest in June and
highest in October and November. Dry weather counts were lowest in June and July and highest
in October and November. This variation does not appear to be influenced by the number of wet
days sampled or by the average rain that fell during the sampling period.
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There is evidence of seasonal differences for dry weather counts and wet weather
Enterococcus counts. Dry weather counts are lowest in the summer and higher in the fall. In
addition, wet weather Enterococcus counts are lowest in the summer and highest in the fall, but
wet weather fecal coliform counts are constant from June to November, which suggests that
Enterococcus may be more susceptible to the higher summer temperatures and sunlight.
4. Ratios of Fecal Coliform to Enterococcus Bacteria
Fecal coliform and Enterococcus bacterial counts in domestic raw sewage differ by about
two orders of magnitude, thus the log of the ratio is about 2. When untreated sewage is
discharged into a water body, the fecal coliforms tend to die-off more rapidly than the Enterococci.
The ratio of the two tends to go down with time. Hence, the ratio of the fecal coliform to
Enterococcus count can be used as an indication of the "age" of the pollution. The closer this
ratio is to 2, the "newer" the pollution and the closer it is to the source; the smallest this ratio is,
the "older" the pollution and the farther it is from the source.
Another influence in the ratio of fecal coliform to Enterococcus counts is whether the
pollution is of human or animal origin. Metcalf & Eddy (1991) reported that a fecal coliform to fecal
streptococcus ratio in receiving waters higher than 4 (log 4= 0.6) indicates human origin, a ratio
lower than 1 (log 1=0) indicates animal origin, and a ratio in between indicates mixed origin. The
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Enterococcus bacteria are the two most human specific strains of the fecal streptococcus, so it is
unclear how to use this criteria as an indication of the origin of the pollution.
Figure 111.27 shows the geometric mean of the ratio of fecal coliform to Enterococcus
bacteria in log units for all stations sampled between 1989 and 1994. Dry weather ratios are
always higher than wet weather ratios, the largest differences occurring downstream from
Magazine Beach (Station 5). Wet weather ratios are lowest at Watertown Dam (Station 12),
increase to a maximum downstream from Stony Brook (Station 8), then decrease at the Science
Museum (Station 11). It seems contradictory that dry weather ratios are higher than wet weather
ratios, yet as the years got "drier", the wet weather ratios declined.
Average FCIE Ratios
2
1.8
1.6
1.4
'" 1.2
UL. 1
o 0.8
0.6
0.4
0.2
0
IDry 
Wet 
i
12 5 6 ii 11
l _~~~~~~~~~~~~I
12 5 6 8 11~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Figure 111.27 Geometric Means of the Ratios of Fecal Coliform to Enterococcus
Bacteria between the Stations
Larger dry weather fecal coliform to Enterococcus ratios suggest that the dry weather
bacterial pollution is "newer" than the wet weather pollution, or that it is more "human". Also, a
higher ratio near Stony Brook suggests that the pollution is "newer" and has been discharged
nearby, or that it is more "human"; and lower ratio at Watertown Dam suggests that the pollution is
"older" and has been advected from upstream, or that it is less "human".
In addition, the dry weather ratio at Cottage Farm is lower than in the closest sampling
locations (Stations 5 and 8) since the Enterococcus bacteria at this station are higher than in the
closest sampling locations. The treated sewage discharged from the nearby treatment facility
could have a lower ratio than untreated sewage or perhaps there are sources of animal origin
nearby (such as the Charles River geese).
Figure 111.28 shows the geometric mean of the ratio of fecal coliform to Enterococcus
bacteria in log units for all stations sampled between 1989 and 1994. Wet and dry weather ratios
vary through the years. Excluding 1991, when the ratio might be lower because the sampling was
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conducted during September, dry weather ratios decreased from 1992 to 1994 (from 1.2 to 0.4),
and wet weather ratios were about constant from 1990 to 1993 (about 0.7), except they were
somewhat lower in 1992 (about 0.3). The decrease in the dry weather ratio can be attributed to
the slight decrease in the dry weather fecal coliform counts through the years, while dry weather
Enterococcus stay about constant. This decrease in the fecal coliform counts was previously
related to a declining number of wet days and average rain from 1990 to 1994. It appears that
because the later years were drier, the ratios were smaller since the pollution was "older".
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Figure 111.28 Geometric Means of the Ratios of Fecal Coliform to Enterococcus
Bacteria between the Years
Figure 111.29 shows the geometric mean of the ratios of fecal coliform to Enterococcus
bacteria during wet and dry weather from 1989 to 1994. Both wet and dry weather ratios are
highest in June and July (about 1) and lowest in October and November (about 0.2). This
difference can be explained by the relatively higher decline of the Enterococci in the summer.
(Section A.3)
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5. Summary of Section
a) By Station
Dry weather counts are highest where the wet weather counts are highest - near the
Watertown Dam and Stony Brook. This assertion means that either the dry weather counts are
"remnants" of the wet weather counts or that the dry weather pollution originates at the same
locations as the wet weather pollution - the sewers.
Both wet weather and dry weather fecal coliform to Enterococcus ratios are highest near
Stony Brook and lowest near Watertown Dam, suggesting that the pollution at Stony Brook is
either "newer" and discharged nearby or more "human", and that the pollution at Watertown Dam
is either "older" and advected from upstream or'less "human".
At Cottage Farm, the dry weather Enterococci are higher than in the nearest sampling
locations, while the dry weather fecal coliforms are constant. The ratio, thus, is lower than in the
nearby sampling locations, suggesting that an "older" or less "human" source is present in this
area. The treatment facility and the Charles River geese both qualify as potential culprits.
b) By Year
Although there is some evidence of a small long term decline in dry weather counts from
the fecal coliform measurements, there is no sufficient evidence of a similar decline in the wet
weather counts. The decline in the dry weather fecal coliforms seems to be related to the decline
in the number of wet days and average rain during the sampling period from 1990 to 1994.
The decrease in the dry weather fecal coliform counts cause in turn a decrease in the dry
weather ratio except in 1991, when the ratio was smaller because the sampling was conducted in
September. The wet weather ratios showed no particular trend.
c) By Month
The dry weather counts were lowest in the summer and highest in the fall for both the
fecal coliform and the Enterococcus bacteria, although more so for the Enterococcus bacteria.
Wet weather fecal coliform counts were about constant from June to November, but wet weather
Enterococcus counts decreased in the summer. Both wet and dry weather ratios decreased in
the summer, since the Enterococcus bacteria declined relatively more than the fecal coliform
bacteria in the summer.
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IV. Charles River Salty Layer Pollution
The MWRA monitoring program and previous MIT studies (Cano-Ruiz, 1990) have
demonstrated that from the early summer through the winter, there is a layer of salt water present
below the fresh water in the Charles River basin (downstream from the Harvard Bridge). This salt
water gets into the basin during the summer and fall months, when it intrudes intermittently
through the locks when boats travel to and from Boston Harbor. Although leakage has been
mentioned as another possible source of salt water, Cano-Ruiz (1990) estimated the amount of
salt water intrusion through locking and concluded that it was more than sufficient to account for
the volume of salt water in the basin. This salt water layer is believed to stay in the bottom of the
basin throughout the summer months because it is denser than the fresh water above it. It
appears from past data that this salt water layer mixes with the fresh water every winter or early
spring as the surface water cools and the flow rate increases, and is then started anew in the
summer. The purpose of this chapter is (1) to determine what differences in temperature,
dissolved oxygen and bacterial counts exist in the summer and early fall between the surface
fresh layer and the bottom salty layer; (2) to determine how these parameters vary as a function
of space (station and depth) and time (month and year); and (3) to determine the likely sources of
contamination (CSOs, storm drains, Stony Brook, salt water intrusion).
This chapter uses data obtained from 1989 through 1994 by the Massachusetts Water
Resources Authority (MWRA) Combined Sewer Overflow (CSO) Monitoring Program. This
program had "comprehensive" sampling periods, in which sampling occurred basin wide, and
"sporadic" sampling periods, in which sampling occurred only at one or a couple of stations
(usually Station 11) and/or less frequently. Only those measurements gathered during
"comprehensive" sampling periods were used so that spatial averages include about the same
number of samples from each station and yearly averages include about the same number of
samples from each year. The data are described in Table IV.1.
On each "comprehensive" sampling day, the MWRA usually collected one sample from
the surface and one sample at a deep depth at each station sampled. Sampling days in which
only surface or only "bottom" samples were collected were excluded from the analysis so that for
each surface sample there was a corresponding "bottom" sample, gathered at the same location
and time. The stations sampled are shown in the previous chapter in Figure 111.1.
85
Sampling Layer Year Period Stations Sampling No. of
Intensity Depths Days
(ft)
Comprehensive Surface and 1989 June 6-22 6-11 10-34 10
"Bottom" 1990 July 9-31 6-11 10-41 11
1991 Sep. 3-20 6-11 10-32 14
1992 July 6-31 6,8,11 7-24 21
1993 June 14-July 2 6,8,11 10-29 13
1994 June 21-July 9 6,8,11 11-25 14
Total June, July, Sep. 6-11 7-41 83
Surface Only or Total June, July, Sep. 6-11 - 27
"Bottom" Only
Sporadic Surface and/or 1989 June 1-5, 26-27 1,8-11 3-24 4
"Bottom" 1990 June 13-July 7 11 13-26 20
Total June, July 1,8-11 3-26 24
Total 107
Description of MWRA Monitoring Program DataTable IV.1
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A. Variation of Parameters between the Surface and the Sub-
surface
1. Salinity
Salinity is lowest at the surface, where it ranges from 0 to 2 ppt and averages 0.2 ppt.
Salinity increases with depth and below the surface it ranges from 0 to 28 ppt. Figure IV.1
shows the salinity data collected at all stations in the basin from 1989 to 1994. Note that this
figure is not a depth profile because the data come from different points in space and time. The
interface between the fresh and salty layers seems to be located about 20 ft deep and between 5
and 10 ppt. Because the depth of this interface varies with time and location, samples with a
salinity above 8 ppt were considered to originate in the salty layer, while samples with a salinity
below 8 ppt were considered to originate in the fresh layer. Thus, the data could be divided in 3
parts: surface fresh water, sub-surface fresh water (salinity less than 8 ppt), and sub-surface
salty water (salinity greater than 8 ppt). Although there were some exceptions, samples collected
at Stations 9, 10 and 11 and at Station 8 in 1989, 1990 and 1994 were considered to originate in
the salty layer; while samples collected at Stations 6 and 7 and at Station 8 from 1991 to 1993
were considered to originate in the fresh layer.
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2. Temperature
Temperature is highest at the surface, where it averages 240C and ranges from 15°C to
290C. Below the surface it decreases with depth and ranges from 7 to 26°C. Figure IV.2 shows
temperature data at and below the surface for all stations from 1989 to 1994. Again, it is not a
depth profile because the data comes from different points in space and time. The average
temperature in the salty layer (salinity greater than 8 ppt) was lower than the average
temperature at the surface or in the fresh layer (salinity less than 8 ppt). Figure IV.3 shows the
temperature at the surface plotted against the temperature below the surface measured at the
same location and time. While the fresh layer temperatures were about the same or slightly
below the surface temperatures, the salty layer temperatures were much lower. However, since
the salty layer is located below the fresh layer, its colder temperatures might be due to its depth
and are not necessarily characteristic of the salty layer. In the spring of 1990, though, an MIT
study measured warmer temperatures in the salty layer, demonstrating that there are pockets of
salt water that persist through the winter (Cano-Ruiz, 1990).
Temperature (Celsius)
0 10 20 30
0
10
20
a
i 3
I ] 30
40
50
* Surf.
Bot., Sal. <8 ppt
Bot., Sal. >= 8 ppt
_ -_.-
Figure IV.2 Sampling Depth and Temperature in the Salty Layer from 1989 to 1994
-- ------- ----· --- ·----------- ·-- ---- i
--- -- -- `--'---- -  - '-`-------- --- ----` -"-
Iw _
88
Temperature (Celsius)
30
20
10
0
0
Sal. >= 8-pt
Sal. < 8 ppt 
10 20 30
Surface
Surface and Sub-surface Temperatures at the Same Location and Time
from 1989 to 1994
3. Dissolved Oxygen
Dissolved oxygen was highest at the surface, where it averaged 8 mg/L. Below the
surface, it decreased with depth and averaged 3 mg/L. Figure IV.4 shows the dissolved oxygen
data at and below the surface from 1989 to 1994. Again, it is not a depth profile because the
data comes from different points in space and time. At the surface, dissolved oxygen showed a
range of values - the lower measurements (2-5 mg/L) were collected during wet weather, when
bacterial counts are highest, and the highest (10-15 mg/L) were collected during dry weather,
when bacterial counts are lowest. In the fresh layer (salinity less than 8 ppt), the range of
dissolved oxygen (0-8 mg/L) was lower than at the surface (2-15 mg/L); and in the salty layer
(salinity greater than 8 ppt), the range (0-5 mg/L) was even lower.
Figure IV.5 shows the dissolved oxygen measurement at the surface plotted against the
dissolved oxygen measurement below the surface collected at the same location and time.
While the dissolved oxygen data in the fresh layer were about the same or lower than at the
surface, the dissolved oxygen data in the salty layer were always lower. Although dissolved
oxygen usually decreases with depth, very low levels of dissolved oxygen persist in the salty
layer due to the salinity stratification which prevents mixing and diffusion with the upper fresh
layer.
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Figure IV.4 Sampling Depth and Dissolved Oxygen in the Salty Layer from 1989 to
1994
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Figure IV.5 Surface and Sub-surface Dissolved Oxygen at the Same Location and
Time from 1989 to 1994
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4. Winter Profiles
Figure 111.2, in the previous chapter, shows the stations where profiles were obtained by
the MWRA and MIT on January 1995. Figure IV.6 to Figure IV.8 show the salinity, temperature
and dissolved oxygen profiles. The salty layer (salinity higher than 8 ppt) was only detected at
Station 11.2, at Station 10, and at Stations 7 and 7.3. Where this layer was detected,
temperatures were slightly lower (about 2-3°C), and dissolved oxygen was much lower (20-70%
less saturation). This evidence suggests that there are salty pockets of water present throughout
the basin in the month of January, but that at some points the salty layer has disappeared and
mixed with the upper fresh water.
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5. Bacteria
Figure IV.9 and Figure IV.10 show the bacterial counts measured at the surface plotted
against the bacterial counts measured below the surface at the same location and time. Fecal
coliform counts at the surface were about the same or higher than fecal coliform counts in the
fresh and salty layers. Enterococcus counts at the surface were about the same or higher than
Enterococcus counts in the fresh layer and about the same or lower than Enterococcus counts in
the salty layer. In addition, there is more variation between the Enterococcus counts at the
surface and below it than between the fecal coliform counts (data points in Figure IV.10 are
more spread out from the center line than the data points in Figure IV.9). Finally, the range of
fecal coliform counts in the fresh layer did not venture below 100 counts/1 00 ml because
measurements in the fresh layer were collected mainly at Stations 6, 7 and 8, which are closer to
Stony Brook (the major known source of bacterial pollution to the lower basin).
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Figure IV.10 Surface and Sub-surface Enterococcus from 1989 to 1994
Bacteria are introduced into the Charles River with the freshwater that flows out of CSOs
and storm drains during rain storms (and perhaps also during dry weather). Given the salinity
and temperature stratification present in the summer, the fresh surface layer and the salty bottom
layer are not believed to mix except by some diffusion at the interface. Therefore, the bacteria
were expected to be present mainly in the fresh surface layer and bacterial counts were
expected to be higher in the surface than in the salty layer. Since the Enterococcus bacteria are
more resistant to increased salinity (Metcalf & Eddy, 1991), differences in their surface and the
salty layer counts were expected to be less dramatic.
However, fecal coliforms and Enterococci seem to be present in the salty layer as well as
the surface and Enterococci are sometimes even higher in the salty layer than in the surface.
Thus, there must be a physical mechanism whereby the bacteria are able to reach and subsist in
the salty layer. A number of possible mechanisms have been suggested:
1) The bacteria attach to sediment particles and settle from the fresh surface layer.
2) The bacteria mix into the salty layer from the upstream wet weather flow.
3) The bacteria mix into the salty layer from CSO discharges near the bottom.
4) The bacteria intrude with the salt water from the inner harbor.
These mechanisms will be investigated further in Section C.
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B. Variation of Parameters as a Function of Space and Time
1. By Station
When analyzing the differences between the stations it is important to keep in mind that
there were variations in the total and sampling depths. Table IV.2 shows the average total depths
for the stations sampled. These depths varied by 1-3 feet, especially at stations 8 through 11,
depending on the movement of the sampling boat, the season, the tide, and the preceding rain.
Station Total Depth (ft)
6 12
7 20
8 24
9 33
10 40
11 30
Table IV.2 Total Water Depth at Stations Downstream from the B.U. Bridge
Figure IV.11 and Figure IV.12 show the arithmetic means of the salty layer sampling
depth and salinity for the sampling stations from 1989 to 1994 and from 1989 to 1991 respectively
(bars indicate one standard deviation from the mean). Only Station 8 and Station 11 were
sampled from 1992 to 1994, and therefore only these stations are averaged for the period from
1989 to 1994. Station 8 is closest to the Harvard Bridge, while Station 11 is closest to the harbor.
Stations 8, 9 and 11 were sampled at about the same depth, but the average salinity
decreased from Station 11 to Station 8. Station 10 was sampled at a deeper depth, and its
average salinity was higher than at Station 11. Thus, salinity seemed to decrease with distance
away from the harbor, but is higher at Station 10 because it is deeper.
Figure IV.13 and Figure IV.14 show the arithmetic means for the surface and salty layer
temperature and dissolved oxygen for the stations from 1989 to 1994 and from 1989 to 1991
respectively (bars represent one standard deviation from the mean). Both the surface
temperatures and the salty layer temperatures were about constant throughout the basin, except
the salty layer temperature at Station 10 was colder, probably because this station is deeper. The
surface dissolved oxygen was lower at Station 8, probably because this station was close to
Stony Brook (the major source of pollution to the basin), and the salty layer dissolved oxygen was
higher at Station 11, perhaps because this station often receives new" salt water from the harbor,
which has higher dissolved oxygen.
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Figure IV.11 Arithmetic Means of the Sampling Depth and Salinity in the Salty Layer
between Stations from 1989-1994
Depth and Salinity
35
30
25
_ 20
0.
t 15
10
5
0
* Depth, Salty Layer 
>Sial. Si
{x Sal., Salty Layer i
8 9 10 11
Figure IV.12 Arithmetic Means of the Sampling Depth and Salinity in the Salty Layer
between Stations from 1989 to 1991
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Figure IV.13 Arithmetic Means of the Temperature and Dissolved Oxygen in the
Surface and the Salty Layer between Stations from 1989 to 1994
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Figure IV.15 and Figure IV.16 show the geometric means for the surface and salty layer
fecal coliform counts for the stations from 1989 to 1994 and from 1989 to 1991 respectively (bars
represent 95% confidence intervals). Both surface and salty layer fecal coliform counts seem to
decrease downstream from Station 8, suggesting that the fecal coliform pollution originates
upstream from this station. However, salty layer fecal coliform counts are lower at Station 10 than
in other stations and much lower than at the surface, probably because it is saltier, and higher
salinities generally increase bacterial die-off (Mancini, 1978).
Figure IV.17 and Figure IV.18 show the geometric means for the surface and salty layer
Enterococcus counts for the stations from 1989 to 1994 and from 1989 to 1991 respectively (bars
represent 95% confidence intervals). Both surface and salty layer Enterococcus counts decrease
away from Station 8, suggesting that the Enterococci originate upstream from it, but increase at
Station 11, suggesting that the some Enterococci may intrude along with salt water that comes in
from the harbor. Also, while the salty layer Enterococcus count was usually about the same or
higher than the surface count, the salty layer count is much lower at Station 10, probably because
this station is saltier.
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Figure IV.15 Geometric Means of the Fecal Coliform Counts in the Surface and the
Salty Layer between Stations from 1989 to 1994
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Figure IV.16 Geometric Means of the Fecal Coliform Counts in the Surface and the
Salty Layer between Stations from 1989 to 1991
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Figure IV.17 Geometric Means of the Enterococcus Counts in the Surface and the
Salty Layer between Stations from 1989 to 1994
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Figure IV.18 Geometric Means of the Enterococcus Counts in the Surface and the
Salty Layer between Stations from 1989 to 1991
Summarizing, in the salty layer the salinity decreased with distance upstream from the
harbor, the temperature was constant across the basin and the dissolved oxygen was higher near
the harbor. Both fecal coliforms and Enterococcus decreased downstream from Station 8,
although the Enterococcus counts were high near the harbor. This evidence suggests that both
the surface and salty layer pollution originate upstream from the lower basin (possibly at Stony
Brook), but that the salt water coming from the harbor is also a source of bacteria to areas
adjacent to the harbor because it is "newer" and have not had as much time to decay. In addition,
because the salt water that intrudes from the harbor is "newer", it brings dissolved oxygen into the
salty layer near the harbor.
2. By Month
When analyzing the differences between the months it is important to keep in mind that
there were variations in the weather. Table IV.3 shows the average rainfall during the period that
samples were collected each month.
Months Average Rain
(inches/day)
Jun 0.09
Jul - 0.10
Sep 0.14
Table IV.3 Average Rain During the Sampling Periods from June to September
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Figure IV.19 shows the arithmetic means of the salty layer sampling depth and salinity
and Figure IV.20 shows the arithmetic means of the temperature and dissolved oxygen for the
months sampled from 1989 to 1994 (bars indicate one standard deviation from the mean). The
average depths sampled from June to September were about the same, but the salinity
decreased in September, perhaps because the surface layer begins cooling and mixing with the
salty layer at this time, perhaps because September was a "wetter" month, or perhaps because
the boat traffic (responsible for the salt water intrusion) decreases at this time (Cano-Ruiz, 1990).
Both the surface and salty layer temperatures were higher in July, the warmest month of the year;
but while the surface temperature decreased in September, the salty layer temperature stayed
constant-suggesting stagnation. This observation was also made by Cano-Ruiz (1990). While
the surface dissolved oxygen stayed on average higher than 7 mg/L, the salty layer dissolved
oxygen dropped to 0.9 mg/L as the summer advanced, as is expected during the summer
stratification.
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Figure IV.19 Arithmetic Means of the Sampling Depth and Salinity in the Salty Layer
between June and September from 1989 to 1994
* t 2423
_ 23 _ _ _ I _
' 16
101
Temperature and D.O.
'~t3%
e Tenp., Surface
g Terr., Salty Layer
D.O., Surface
i D.O., Salty Layer
Jun Jul Sep
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Surface and the Salty Layer between June and September from 1989 to
1994
Figure IV.21 and Figure IV.22 were taken from Cano-Ruiz (1990), and data points were
added to represent the average salinity in the salty layer and the average temperatures in the
surface and the salty layer in the winter (from January 1994 profiles) and in the summer
(averaged MWRA monitoring data). The MWRA monitoring data match well with the Cano-Ruiz
data, except that the MWRA monitoring data suggest that the salinity stratification begins
somewhat earlier in the summer, and in June has already become established. In addition to
measuring lower temperatures in the salty layer during the summer, Cano-Ruiz measured warmer
temperatures in the salty layer during the winter, showing that the water in the salty layer was
"old" and had persisted through the winter months.
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Figure IV.23 and Figure IV.24 show the geometric means for surface and salty layer
fecal coliform and Enterococcus counts for the months sampled from 1989 to 1994. Generally,
both fecal coliform and Enterococcus counts were about the same from June through September.
However, as the summer advanced and conditions in the surface and the salty layer became
more adverse for bacteria (strong sunlight at the surface, low dissolved oxygen in the salty layer)
fecal coliform counts seemed to decrease slightly. Enterococcus counts seemed to increase
slightly, but these bacteria are more resilient than the fecal coliforms and September was a
"wetter" month than June and July. In July, especially, fecal coliform counts in the salty layer were
about the same than at the surface and Enterococcus counts in the salty layer were higher than at
the surface.
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Figure IV.23 Geometric Means of the Fecal Coliform Counts in the Surface and the
Salty Layer between June and September from 1989 to 1994
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Figure IV.24 Geometric Means of the Enterococcus Counts in the Surface and the
Salty Layer between June and September from 1989 to 1994
3. By Year
Figure IV.25 shows the arithmetic means for the salty layer sampling depth and salinity
and Figure IV.26 shows the arithmetic means of the surface and salty layer temperature and
dissolved oxygen for the years from 1989 to 1994 (bars indicate one standard deviation from the
mean). Differences between the years were particularly hard to explain because in addition to the
natural variation in the weather and the rain, there were differences in the stations and months in
which samples were collected. Table IV.4 illustrates these differences.
For instance, the average salty layer depth sampled decreased in 1992 by 2 ft, probably
because the deepest sampling location (Station 10) was discontinued. The salinity decreased by
3 ppt in 1991, perhaps because the sampling occurred in September or perhaps because the ratio
of wet to dry days sampled was lower. It stayed constant between 1991 and 1993 even though
the sampling occurred in June and July, perhaps because the deepest and saltiest location
(Station 10) was discontinued, or perhaps because the ratio of wet to dry days sampled remained
about constant. It increased by 6 ppt in 1994, probably because there were no wet days that
year.
.......................................... .................................................. 
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Year Month Stations Wet Dry Wet/ Average
Days Days Dry Rain
1989 June 8,9,10,11 3 2 .7 0.14
1990 July 8,9,10,11 4 4 1 0.17
1991 September 9,10,11 4 8 .5 0.14
1992 July 11 2 4 .5 0.09
1993 June, July 11 2 6 .3 0.05
1994 June, July 8,11 0 3 0 0.03
Total June, July, Sep. 8,9,10,11 15 27 .6
Table IV.4 Differences in the Month and Station Sampled, the Number of Wet and
Dry Sampling Days, and the Average Rainfall During the Sampling
Periods from 1989 to 1994
Surface temperatures fluctuated between 22°C (1989 and 1991), and 26°C (1990)
according to the climate conditions each year. The salty layer temperature fluctuated less- it was
warmer when the salinity was lower. Both the surface and salty layer dissolved oxygen were
higher from 1992 to 1994, since Stations 9 and 10 were discontinued and Station 11 (where
dissolved oxygen is higher) has weighed more heavily on the average. Also, from 1992 to 1994,
the ratio of wet to dry days sampled was lower than in previous years and the average rain was
higher.
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Depth and Salinity in the Salty Layer
Station 8 was sampled but there was no salty layer present this year.
2 Station 8 was sampled but there was no salty layer present this year.
3 Station 8 was sampled but there was no salty layer present this year.
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Figure IV.26 Arithmetic Means of the Temperature and Dissolved Oxygen in the
Surface and the Salty Layer between 1989 and 1994
Figure IV.27 and Figure IV.28 show the geometric means of the surface and salty layer
fecal coliform and Enterococcus counts for the years from 1989 to 1994 (bars indicate 95%
confidence intervals). Surface and salty layer fecal coliform counts generally declined from 1989
to 1994, while Enterococcus counts stayed about constant; except that surface fecal coliform
counts were higher in 1993, the surface Enterococcus counts were higher in 1991, and the salty
layer Enterococcus counts were lower in 1994. No comprehensive Enterococcus sampling was
done in 1989. While fecal coliform counts were about the same or higher in the surface than in the
salty layer, Enterococcus counts were about the same or lower in the surface than in the salty
layer.
In general, in the salty layer salinity was lower and the temperature was warmer from
1991 to 1993, and dissolved oxygen was higher from 1992 to 1994. These differences might
reflect natural variation in the weather and the rain, or might reflect differences in the stations and
the time of the year in which samples were collected. Fecal coliform counts decreased from 1989
to 1994 while Enterococcus counts stayed about constant. The decline in the fecal coliform counts
may be attributed to a decline in the loading, to a decline in the "wetness" of the sampling periods,
or to differences in the stations and months sampled each year.
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4. By Weather
In the following discussion, wet weather refers to when the cumulative 3-day rainfall (on
the sampling day and two days before) was higher than 0.5 inches and dry weather to when the
cumulative 3-day rainfall was zero. Figure IV.29 shows the arithmetic means for the salty layer
sampling depth and salinity and Figure IV.30 shows the arithmetic means for the surface and
salty layer temperature and dissolved oxygen during wet and dry weather from 1989 to 1994 (bars
indicate one standard deviation from the mean). While the average depth was about the same
during wet and dry weather, salinity during wet weather was lower. Surface and salty layer
temperatures were constant during both wet and dry weather. Surface and salty layer dissolved
oxygen were lower during wet weather than during dry weather.
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Figure IV.30 Arithmetic Means of the Temperature and Dissolved Oxygen in the
Surface and the Salty Layer during Wet and Dry Weather from 1989 to
1994
Figure IV.31 and Figure IV.32 show the geometric means for the surface and salty layer
fecal coliform and Enterococcus counts during wet and dry weather from 1989 to 1994 (bars
indicate 95% confidence intervals). Surface and salty layer fecal coliforms and Enterococcus
counts were higher during wet weather. During both wet and dry weather, fecal coliform counts
were higher at the surface, but Enterococcus counts were about the same at the surface as in the
salty layer.
In essence, some of the wet weather discharges and bacterial pollution seem to be
reaching the salty layer, since the salinity is lower, the bacterial counts are higher and the
dissolved oxygen is lower during wet weather. Also, the fecal coliform bacteria that reach the
salty layer seem to die off faster than the Enterococcus bacteria, since the fecal coliform counts in
the salty layer are lower than at the surface while the Enterococcus counts are about the same.
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Figure IV.32 Geometric Means of the Enterococcus Counts in the Surface and the
Salty Layer during Wet and Dry Weather from 1989 to 1994
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5. Ratios of Fecal Coliforms to Enterococcus
Figure IV.33 to Figure IV.37 show the geometric means of the ratio of surface and salty
layer fecal coliform counts to Enterococcus counts for each station, month, year, and type of
weather from 1989 to 1994 (in log units). Because there were no data collection for Enterococci
in 1989, fecal coliform data from that year could not be included in this analysis.
Fecal coliform to Enterococcus ratios were higher at the surface than in the salty layer.
since fecal coliforms were relatively lower in the salty layer than Enterococci, which are believed
to be more resistant to higher salinity. Generally, the surface and salty layer ratios are lowest near
the harbor (Station 11 ) and increase with distance away from the harbor, suggesting that the
pollution in the salty layer originates near Stations 8 and 9 and travels downstream to the other
stations or that its origin is more "human" with distance away from the harbor. Both surface and
salty layer ratios decline from the summer to the early fall as conditions become relatively more
"stringent" for the fecal coliform than for the more resilient Enterococci. Finally, both ratios are
highest during dry weather -either the Enterococci decay at higher rates than fecal coliforms or the
dry weather pollution is more "human" than the wet weather pollution.
Ratios were higher in 1990 than in the other years because this year had a higher
proportion of wet days (1 for each dry day) than years after (less than 0.5 for each dry day)- there
was more "new" pollution than "old" pollution. However, in 1992 and 1993, surface ratios were
high while salty layer ratios were low- there was a lot of "new" pollution in the surface but there
was no "new" pollution in the salty layer- this is hard to explain with the available data.
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between the Stations from 1989 to 1991
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Figure IV.36 Geometric Means of the Ratio of Fecal Coliform to Enterococcus Bacteria
between June and September from 1989 to 1991
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Figure IV.37 Geometric Means of the Ratio of Fecal Coliform to Enterococcus Bacteria
during Wet and Dry Weather from 1989 to 1991
C. Source of Salty Layer Bacteria
Since bacterial counts in the salty layer are comparable to bacterial counts in the surface
and the fresh layer, there must be a mechanism whereby bacteria are able to reach the salty
layer. A number of possible mechanisms have been suggested:
1) The bacteria attach to sediment particles and settle from the fresh surface layer.
2) The bacteria mix into the salty layer from the wet weather flow originating upstream of
the lower basin (mostly from Stony Brook).
3) The bacteria mix into the salty layer from CSO discharges near the bottom.
4) The bacteria intrude with the salt water from the inner harbor.
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Analysis of the spatial, and weather-related variation in the surface and salty layer
suggested that the pollution to the salty layer is strongly related to the pollution in the surface, that
it declines away from Stony Brook and is higher during wet weather than during dry weather.
Ratios of fecal coliforms to Enterococcus bacteria also decrease with distance away from Stony
Brook, suggesting that the bacterial pollution "ages" as it is advected downstream and away from
the sources upstream. Thus, the bacteria could either settle from the surface layer, mix from the
wet weather flow, or mix from the CSO discharges near the bottom (mechanisms 1, 2 or 3).
Support for mechanism 4 comes from the relatively high bacterial counts and dissolved oxygen at
Station 11, suggesting that dissolved oxygen and bacteria may be intruding along with the salt
water incoming from the harbor.
To help evaluate mechanisms 2 and 3, the volume of fresh water that mixes into the salty
layer is estimated below, where Vdw and Sdw are the salty layer volume and salinity during dry
weather, V,, and S, are the salty layer volume and salinity during wet weather, and Vmjx is the
volume of fresh water that mixes into the salty layer.
By conservation of mass,
V. * S. = Vdw * Sdw + Vmix * Smix (111-1)
(Vd + Vx) * S. = Vw * Sdw + Vmix * Smix
Vmix (Sww - Smix) = Vdw * (Sd - Sw)
Vmix = Vdw * (Sdw' Sw) / (S - Six) (111-2)
Substituting the estimated dry weather salty layer volume (Cano-Ruiz, 1990), the average
dry weather and wet weather salty layer salinities (Figure IV.29),
Vmix = 650,000 m3 * (19 - 17 ppt) / (17 - 0 ppt)
= 76,000 m3
The annual volumes of the CSO discharges between the B.U. Bridge and the Inner
Harbor (close to the Charles River) are illustrated below in Figure IV.38. The total CSO volume
between the Harvard Bridge and the Charles River Dam (MWR18 through CAM17) was estimated
as 41,000 m3 (Metcalf & Eddy, 1994a). Most of these CSOs are believed to discharge near the
bottom.
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Figure IV.38 Annual Volumes of CSOs that discharge between the B.U. Bridge and
the Mouth of the Charles River Basin in the Inner Harbor
Even if the entire annual volume of these CSO discharges were to mix completely into the
salty layer (highly unlikely), it would lower the salinity on a one time basis by about 1 ppt. In
addition, these CSO discharges are believed to overflow quite infrequently, only during storms
with a rainfall greater than 1" (MWRA, 1994a). Thus, the frequent decrease in salinity in the salty
layer during wet weather seems to occur mainly by mixing with the wet weather river flow
(mechanism 2) rather than with the CSO discharges (mechanism 3).
However, mixing with the wet weather river flow does not appear to completely explain
the increase in bacterial counts during wet weather. The volume of fresh water that is needed to
explain the increase of bacteria in the salty layer during wet weather (400 - 100 = 300
counts/1 OOmL) was estimated below by substituting the average fecal coliform counts (Figure
IV.31) instead of the average salinities into Equation 111-2,
Vmix = Vdw * (FCdw - FCw) / (FCww - FCmix) (111-4)
650,000m3 * (100 - 400 #/100 ml) / (400 - 700 #/100 ml)
650,000 m3
This volume (650,000 m3) is an order of magnitude higher than the 76,000 m3 calculated
previously that would be needed to mix into the salty layer in order to cause a decrease in salinity
of 2 ppt. Therefore, the increase in bacterial counts can not be accounted for entirely by the
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mixing of upstream wet weather flow (mechanism 2) and can only be explained by the settling of
bacteria attached to particles (mechanism 1).
By process of elimination, the bacteria seem to be reaching the salty layer, at least in
large part, by attaching to particles and settling in from the surface layer (mechanism 1). Some
bacteria might also reach the salty layer by mixing from the upstream flow (mechanism 2) or from
the CSOs that discharge near the bottom (mechanism 3). Near the harbor, some bacteria and
dissolved oxygen seem to intrude from the harbor along with the salt water (mechanism 4).
These conclusions, however, are largely based on the differences between the averages
of salinity and bacteria during dry and wet weather, and these averages include measurements
with large standard deviations, especially bacterial counts. In addition, the volume of the salty
layer and of the CSO annual discharges are also estimates.
If the bacteria are largely reaching the salty layer by attaching to particles in the surface
fresh layer and settling, then an important question is: why do the bacteria stay in the salty layer
and not settle into the bottom? Perhaps the sediment particles are very small, and their settling is
quiescent and slow, and even slower in the salty layer, which is more dense, enabling the bacteria
to remain in the water for a relatively long time. In addition, some of the bacteria that reach the
sediments in the bottom might thrive there and diffuse back into the salty layer.
D. Summary of Chapter
Near the bottom, the Charles River Basin is filled with brackish water of salinity from 8 to
28 ppt from June through the following winter. The source of this water is intrusion through the
Charles River Dam that connects the basin with the harbor. While there are clear differences in
salinity, temperature and dissolved oxygen between the surface fresh layer and the bottom salty
layer, bacterial counts were about the same or slightly lower in the salty layer. A number of
possible mechanisms have been suggested:
1) The bacteria attach to sediment particles and settle from the fresh surface layer.
2) The bacteria mix into the salty layer from the wet weather flow originating upstream of
the lower basin (mostly from Stony Brook).
3) The bacteria mix into the salty layer from CSO discharges near the bottom.
4) The bacteria intrude with the salt water from the inner harbor.
1. Spatial and Weather-Related Variation
Since bacterial counts decline with distance away from Stony Brook and are higher during
wet weather than during dry weather in the salty layer, settling from the upper surface layer,
mixing from the upstream flow or mixing from the CSOs that discharge near the bottom all seem
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to be mechanisms (1, 2 or 3) whereby bacteria reach the salty layer. In addition, since bacterial
counts and dissolved oxygen levels are also higher near the harbor, intruding with the salt water
from the harbor seems to be an important mechanism (4) whereby bacteria reach the salty layer
in this area.
The possibility of the upstream flow mixing with the salty layer water (mechanism 2) is
limited, though, because the amount of water needed to increase the fecal coliform bacteria by
300 counts/1 00 ml would lower the salinity much more than the 2 ppt that were observed. The
possibility of the CSO flow mixing with the salty layer (mechanism 3) is even more limited, given
that the volume of all the CSOs in the lower basin in one typical year would lower the salinity by
less than 1 ppt and that the CSOs after the Harvard Bridge rarely overflow. Therefore, the most
plausible explanation for the high bacterial counts in the salty layer is that bacteria settle attached
to sediment particles from the upper fresh layer (mechanism 1). In the area that is close to the
dam, bacteria might also intrude with the salt water plume (mechanism 4).
2. Temporal Variation
Analysis of the monthly variation in the surface and the salty layer suggested that fecal
coliform and Enterococcus counts were generally constant from June to September. However, as
the summer advanced, conditions became more adverse for bacteria (strong sunlight at the
surface, low dissolved oxygen in the salty layer) and the fecal coliforms declined slightly.
Furthermore, analysis of the yearly variation of bacterial counts in the surface and the
salty layer suggested that fecal coliform counts decreased from 1989 to 1994 and Enterococcus
counts stayed about constant from 1989 to 1994. However, differences between the years were
particularly hard to explain because in addition to the natural variation in the weather and the rain,
there were differences in the stations and months in which samples were collected. The decrease
in the fecal coliform counts may be attributed to a decrease in the pollution, to a decrease in the
number of wet days sampled, or to differences in the stations and months sampled each year.
Besides having high levels of bacterial pollution, during the summer months the salty
layer has very poor levels of dissolved oxygen (0-5 mg/L) and in September conditions are almost
anoxic (0-1.5 mg/L). Considering that a predicted decrease in dissolved oxygen levels (down to
5-6 mg/L) in the "bottom" of Massachusetts Bay was a major reason used to justify the decision to
build the new waste water treatment plant on Deer Island, the extremely low dissolved oxygen
levels in the Charles River deserve more attention. A simple solution would be to restart the air
bubblers, which have not been operating since 1985.
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V. Conclusions
A. Modeling the Impact of Bacterial Pollution
The impact of the bacterial loads from CSO, storm water, and river discharges to the
Charles River Basin (the section of the river between Watertown Dam and the Charles River
Dam), was analyzed using a modified version of the one-dimensional, time-dependent model
QUAL2EXP. Dry weather loads were inferred from an inverse modeling procedure based on dry
weather measurements in the receiving water, and their magnitude was estimated as 4*108 to
5*108 counts/s. These loads were distributed in the same way as the wet weather loads (higher
near Stony Brook), suggesting that dry and wet weather loads originate from the same sources
(mainly from Stony Brook). The bacterial decay rate and the dispersion coefficient were chosen by
calibration to data collected during two storms during the fall of 1993; where upstream, CSO and
storm water discharges were provided from the results of storm event model simulations.
Calibration consisted of computing the RMSL error between the simulated and measured bacterial
counts for each combination of k and D, where k ranged from.25 to 1.5 per day and D ranged
from 0 to 20 m2/s. The error was minimized at a k of 0.8 per day and a D of 4 m2/s.
The following scenarios were analyzed for both the 3-month and the 1-year storm: future
planned conditions with all sources, future planned conditions with non-CSO sources, and the
preferred alternative or strategy M3. The future planned conditions consisted of the proposed
system modifications to be completed in 1997, and the preferred alternative consisted of a mix of
interceptor relief, storage, treatment and sewer separation, differing mainly from the future
planned conditions in that the entire Stony Brook flow was disinfected.
Generally, the receiving water bacterial counts reflected the magnitude of the loadings.
Results for the 1-year storm were greater than for the 3-month storm, results for all sources were
greater than for the non-CSO sources, and results for the future planned conditions were greater
than for the preferred alternative. For both the future planned conditions and the preferred
alternative, receiving water counts were dominated by Stony Brook. In addition, storm water
sources had a greater impact during wet weather than the other known sources (CSO, river, and
dry weather), but dry weather sources seemed to be responsible for the continuous violation of
the swimming water quality standard during dry weather.
The remediation strategy M3 reduced the bacterial loading mainly at Stony Brook, and
therefore, reduced the receiving water bacterial counts mainly near Stony Brook at early times
(after 1 day), and mainly downstream from Stony Brook at later times (after 4 days). For instance,
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compared to the future planned conditions, one day after the 3-month storm, strategy M3
produced a relatively large reduction in the bacterial counts (20-75%) between the B.U. and the
Harvard Bridges, no reduction or an increase (due to redirection of flow, 10-50%) upstream from
the B.U. Bridge, and a relatively low reduction (5-15%) downstream of the Harvard Bridge. Four
days after the 3-month storm, strategy M3 produced a larger reduction in bacterial counts
downstream from the Harvard Bridge (25-30%), than between the B.U. and the Harvard Bridges
(10-20%).
Overall, the swimming standard was violated continuously throughout the basin for all
scenarios because they all included dry weather loads. The boating standard was violated for 30-
80 hours in the Upper Charles and for 50-80 hours in the Lower Charles during the future planned
conditions. The period of violation to this standard by the preferred alternative showed significant
reductions from the future planned conditions at B.U. Sailing, where it was reduced by 5-10 hours,
and at the Community Boat House, where it was reduced by 40-50 hours.
B. Analyzing Dry Weather Bacterial Pollution
In the summer, fecal coliform bacteria remain above 200 counts/100 ml during periods of
dry weather up to 12 days, and even higher in the fall. This dry weather background could
potentially be attributed to either dry weather loadings, or to a very slow decay of the bacteria
introduced during wet weather. The available data suggest that dry weather loadings are at least
part of the explanation, but it is difficult to be conclusive. For instance, if there are dry weather
loadings, the data could be explained by a decay rate of about 0.8 per day (calibrated over the
first three dry days after the storm event, with a background of 200 counts/100 ml); if there are no
dry weather loadings, then the decay rate would range from an initial value of about 0.6 per day
for the first three days after the storm event to a value of about 0.1 per day for the following days.
These last rates are low considering that values in the literature range from 0.5 to 2 per day; that
the measurements were collected in the summer, when decay rates are highest; and that the
model was calibrated to a decay rate of 0.8 per day with storms that occurred in the fall, when
decay rates are lower.
In addition, dry weather counts are highest where wet weather counts are highest - at
Watertown Dam and near Stony Brook, suggesting that dry weather counts either originate from
the same sources that produce wet weather loads or that they are "remnants" of the wet weather
counts. Dry weather bacterial counts, also, were an order of magnitude higher in the fall than in
the summer, when most of the monitoring data was collected, suggesting that background
bacterial counts in this time of the year are higher. A small decline in dry weather counts occurred
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between 1989 and 1994, which paralleled a decline in the number of wet days and in the average
rainfall during the sampling period. This decline could substantiate that the background is due to
prior wet weather discharges or that dry weather loads have decreased over the years.
Since there is evidence that dry weather sources exist, and that these sources may
account for the continuous violation of the swimming standard during dry weather and a significant
fraction of the violation of the boating standard during wet weather, further research, such as a
field study, should be conducted to find where these sources discharge and to measure their
loads.
C. Analyzing Salty Layer Bacterial Pollution
Near the bottom, the Charles River Basin is filled with brackish water of salinity from 8 to
28 ppt from June through the following winter. The source of this water is intrusion through the
Charles River Dam that connects the basin with the harbor. While there are clear differences in
salinity, temperature and dissolved oxygen between the surface fresh layer and the bottom salty
layer, bacterial counts were about the same or only slightly lower in the salty layer. A number of
mechanisms could allow bacteria to reach and subsist in the salty layer:
1) settling attached to sediment particles from the upper fresh layer
2) mixing into the salty layer from the upstream flow.
3) mixing into the salty layer from CSOs that discharge near the bottom
4) intruding with the salt water plume
Bacterial counts decline with distance away from Stony Brook and are higher during wet
weather than during dry weather in the salty layer; these observations are consistent with either of
the first three mechanisms being the vehicle whereby bacteria reach the salty layer. In addition,
since bacterial counts and dissolved oxygen levels are also higher near the harbor, mechanism 4
(bacteria intruding with the salt water from the harbor) seems to be an important process whereby
bacteria reach the salty layer in this area.
The possibility of the upstream flow mixing with the salty layer water (mechanism 2) is
limited, though, because the amount of water needed to increase the fecal coliform bacteria by the
observed 300 counts/1 00 ml would lower the salinity much more than the roughly 2 ppt that is
observed. The possibility of the CSO flow mixing with the salty layer (mechanism 3) is even more
limited, given that the volume of all the CSOs in the lower basin in one typical year would lower
the salinity by only about 1 ppt and that the CSOs after the Harvard Bridge rarely overflow.
Therefore, the most plausible explanation for the high bacterial counts in the salty layer is that
bacteria settle attached to sediment particles from the upper fresh layer (mechanism 1). In the
area that is close to the dam, bacteria might also intrude with the salt water plume (mechanism 4).
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In addition to having significant bacterial counts, the salty layer also has very poor levels
of dissolved oxygen and in the summer months conditions are almost anoxic (0-3 mg/L).
Considering that the prediction of relatively low dissolved oxygen levels in the "bottom" of
Massachusetts Bay (- 5-6 mg/L) was a major reason used to justify the decision to build the new
waste water treatment plant on Deer Island, the extremely low dissolved oxygen levels in the
Charles River deserve more attention. A simple solution would be to restart the air bubblers,
which have not been operating since 1985.
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Appendix A
Estimates of Decay Rates for Selected Storms
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Appendix B
Estimates of Residence Times in the Charles River Basin
129
Volume per Element =
Average Flow at Waltham Flow at Wat. Dam
Period m^3/s mA3/s ft^3/s ftA3/day
Summer 3.4 4.5 160 1.38E+07
Annual 8.61 11.4 404 3.49E+07
Segment Model Model Volume Res. Time (days) Cum. Res. Time (days)
Reach No. of Elems. (ftA3) Summer Annual ISummer [Annual
Upper Charles 1 3 9.85E+06 0.71 0.3 0.7 0.3
Z Z t. f It+oUt U.3 U.Z 1.Z U.S
3 8 2.63E+07 1.9 0.8 3.1 1.2
4 11 3.61E+07 2.6 1.0 5.7 2.3
5 9 2.95E+07 2.1 0.8 7.9 3.1
6 13 4.27E+07 3.1 1.2 11.0 4.3
7 4 1.31E+07 1.0 0.4 11.9 4.7
8 11 3.61E+07 2.6 1.0 14.5 5.7
9 11 3.61E+07 2.6 1.0 17.1 6.8
10 20 6.57E+07 4.8 1.9 21.9 8.7
11 19 6.24E+07 4.5 1.8 26.4 10.4
12 7 2.30E+07 1.7 0.7 28.1 11.1
I All 118 3.87E+081 28.1 11.1 28.1 11.1
3.28E+06 ft*3
